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The purpose of this study is to understand the behavior of chlorine and the 
emission of organic compounds during combustion in an atmospheric fluidized bed 
combustion (AFBC) system. Inefficient, uncontrolled use of coal gives rise to organic 
emissions which can be detrimental to health. The chlorine in coal may cause corrosion 
problems during utilization, if its concentration is high enough. The method for collection 
of the emissions of organic compounds involved the use of a Tenax resin as an absorbent 
for the organic compounds as they were emitted from the combustor. A combined gas 
chromatography - mass spectrometry (GC-MS) technique was used for analysis. The 
behavior of chlorine was studied by collection of samples of chloride emissions from 
combustion flue gas in a buffer solution and analysis by ion chromatography (IC). 
Studies of the effects of different bed temperatures on the amount of chloride emissions 
were performed while burning a low chlorine coal in a laboratory scale AFBC unit. Also, 
studies of the behavior of chlorine in coals of different ranks were done using a combined 
thermogravimetric analysis - mass spectrometry (TG-MS) technique. 
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I. INTRODUCTION 
A. Background 
Two major factors govern the outlook for coal use in the United States: the 
desirability of using an abundant, low cost, and safe native energy resource and the need 
to comply with increasingly stringent environmental control requirements. Although there 
is an expected continued growth in the use of renewable energy forms along with a 
potential for a renewed interest in nuclear power, there will be a powerful economic 
driving force for major and expanded use of coal over the next several decades, with 
concomitant pressures to reduce environmental impacts through improved technologies.1 
For this reason, along with guidelines of the Energy Policy Act of 1992, the U.S. 
Department of Energy has found a need to establish programs for developing 
environmentally acceptable coal-based technologies for a broad range of applications, one 
of which is electric power generation.1 
Fluidized-bed combustion (FBC) systems are generally mid-size utility boilers that 
find applications in institutional power plants for heating purposes and in many industrial 
applications for steam production.1 The process involves forming a bed of finely sized 
ash, limestone (for sulfur removal) and coal particles in a furnace and forcing combustion 
air up through the mixture, causing it to become suspended or fluidized. Atmospheric 
FBC has a fixed height of bed material and operates at or near atmospheric pressure in 
the furnace. Fluidization and relatively low bed temperature enhance the capture of S02 
1 
2 
emitted during combustion and retard the formation of NOx.! This type of combustor is 
also able to combust a range of different fuels. Burning a blend of municipal solid waste 
(MSW) with coal is a way of producing energy while simultaneously decreasing the 
amount of waste that would otherwise be disposed of in sanitary landfills which are ever-
declining in their availability. 
Sampling conditions affect the capture efficiency of all pollutants. Sampling 
operations often contribute the greatest uncertainty to the characterization of emissions 
from coal-fired power stations.2'3 There are many sampling and analysis techniques being 
used for studying emissions; however, there is currently no way of determining which 
technique is the best.4 Our group has begun to address this problem. For example, one 
M.S. student's thesis research focuses upon analysis techniques for polycyclic aromatic 
hydrocarbons (PAH's). 
1. Organic Compounds 
In a study of volatile organic compound (VOC) emissions from coal-fired power 
stations, Garcia and others used separate methods for the sampling and analysis of 
aldehydes (liquid chromatography) and hydrocarbons (gas chromatography).5 The 
problems with sampling and analysis and the formation of artifacts were discussed and 
estimates for the accuracy of the analyses were given (normally around ±10-15% but 
sometimes as high as 75%). The Coal Research Establishment has been investigating 
methods for the speciated quantification of VOC emissions by combustion processes.6 
The most common polycyclic organic matter (POM) compounds found in the flue gases 
of coal-fired power stations, or in the plumes downwind, are generally PAH's or their 
nitrogen derivatives.7 PAH's are hydrocarbons made up of several carbon rings, normally 
3 
six-membered benzene rings. Only around 45% of the possible 683,101 isomers of PAHs 
have actually been identified.8 Rather than study all PAH in emissions from combustion, 
the U.S. EPA has specified 16 PAH compounds as priority pollutants.7 
The most common sampling method for PAHs uses either filters or adsorbents or 
a combination of both.7 PAH samples on filters alone is not as accurate, as the more 
volatile species are lost by evaporation before detection is complete.9 In the study by 
Kirton and others it was shown that various types of filters and adsorbents absorb 
individual PAH compounds to different extents. For example, compounds such as 
phenanthrene and naphthalene were almost entirely associated with adsorbents rather than 
filters. 
Solvent extraction with organic liquid is normally employed for removing the 
organic compounds from filters or absorbents.7 There is a further problem with 
atmospheric oxidants such as N02 and 0 3 which may react with a PAH to produce 
artifacts, thereby causing errors in analysis.9 Photodegradation of some PAH may occur 
before sampling and analysis is complete.10 
In addition to the basic six carbon ring systems, five membered carbon rings and 
rings which contain oxygen molecules may also be found in combustion emissions.7 
Examples of these are the dioxins and furans. When substituted with chlorine, these 
compounds become polychlorinated dibenzodioxins (PCDD) and polychlorinated 
dibenzofurans (PCDF). Some PCDDs/PCDFs are known to be extremely toxic to animals 
and man.7 These compounds are solids with high melting points and low solubility in 
water, and they are therefore relatively stable compounds in the environment. They were 
first measured in emissions from waste incineration plants in the early 1970s; this field 
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of chemistry is still relatively young. Perhaps the most important reason for the lack of 
knowledge of these compounds is the problem of sampling and analysis.7 
More research is required to provide sufficient information for a complete 
understanding of the formation of organic compounds during coal combustion.7 There are 
three basic mechanisms by which POM may be emitted from coal combustion. They may 
be released from combustion systems as intact fuel (as decomposition products or large 
molecules), as products of the interaction of precursor molecules or as products of de 
novo synthesis from short carbon chain molecules.7 These mechanisms are described in 
the following paragraphs. 
The first mechanism involves the release of completely intact compounds 
present in the fuel by inefficient combustion systems. Since the coal matrix 
consists largely of interconnected PAH it is not surprising that these may arise in 
emissions from incomplete or inefficient combustion.11 Efficient combustion of 
coal would result in the breakdown of large organic compounds to smaller 
hydrocarbons and eventually to products such as carbon dioxide gas. 
Mechanism number two is the condensation of small ring systems, either 
from small precursors present in the original fuel or from pyrolysis products. 
Large aromatic structures that have been broken down during combustion may 
reform in the combustion zone or elsewhere in the combustion system. According 
to Brooks, the more aromatic (PAH) type compounds already present in the fuel, 
the more likely these compounds and their derivatives will be released.12 
The last mechanism is the cyclization of carbon chains and subsequent ring 
addition from small precursor molecules — "de novo" synthesis.7 Formation of 
organic compounds from elemental carbon is also possible. 
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High temperatures with lean burn and long residence times in the combustion zone 
result in the destruction of organic molecules; low temperatures and excess air allow POM 
production, and long residence times in cooler areas allow efficient reformation.7 Solid 
particles provide surfaces for the promotion of chlorinated organics production and may 
even provide catalytic activity in the form of metal ions such as Cu(II).7 The best 
conditions for the production of organic compounds — relatively long residence times 
(several minutes), lower temperatures (250-400°C) and solid particles containing catalytic 
metals or metal compounds — could be provided by areas downstream of the combustor.7 
Since temperatures in FBC systems are lower (~800-900°C) than those of 
conventional pulverized coal fired boilers (1200°C), more unburnt hydrocarbons may be 
released from the combustion zone in addition to enhanced POM formation.13 Citiroglu 
and others suggest that average emissions of POM from fluidized beds (<200 ppb) are 
higher than those from other types of coal combustion (<30 ppb).13 
More studies to determine the effect of coal type on organic emissions from power 
plants are required.7 The type and specifications (ash content, heating value, etc.) of each 
coal must be known accurately and the combustion of each coal should take place in 
identical conditions. 
The only PAH detected in the stack gas of the Chatham 20 MWe circulating bed 
FBC in New Brunswick, Canada was phenanthrene at around 20 ng/m3.14 The detection 
limit was between 2.2 and 4.4 ng/m3. PCDDs/PCDFs were not detected above the 
detection limit of 240 pg/m3.14 
Although coal combustion for power generation may not be responsible for a large 
percentage of total emissions of organics, it may be an important source of individual 
organic species. For example, coal combustion for heating and power generation in 1976 
6 
accounted for 47% of the global emissions of benzo[a]pyrene (BaP), a highly 
carcinogenic PAH.15 
Concentrations of many organic compounds found in stacks and plumes of coal-
fired power stations are often the same or lower than concentrations in the background 
air.7 A coal-fired power station may act as an after-burner for organic emissions from 
other sources, rather than being a significant source itself.16 
Particulate, S02 or NOx control technologies may inhibit or enhance organic 
emissions.7 Optimization of combustion conditions may reduce emissions of organic 
compounds but may not control emissions completely. PAH condense preferentially onto 
smaller particles because of the greater surface area-to-mass ratios.12 Some organic 
compounds may not remain in the atmosphere for long and are removed by chemical or 
physical means within hours or minutes of their emission. Organics may be released from 
combustion sources as vapors or in association with particles. Hot vapors may form 
particles by nucleation and condensation.7 Stack gas temperature affects the distribution 
of POM between the vapor and particle phases.11 Generally, POM in high temperature 
combustion systems are initially formed as gases but some adsorb onto fly ash particles 
as the temperature decreases.12 Molecular weight of the POM also affects the gas/particle 
phase distribution.12,17 Organic compounds with 2 rings remain almost entirely gaseous, 
whereas those with 5 rings or more become associated with particles. PAHs with 3 or 
4 rings are distributed between the two phases. It is unclear as to what extent each 
sampling technique gives accurate results. Particles may coagulate or vaporize as a 
consequence of the sampling process itself.18 Also, results may change with the 
temperature of the sampling device.11 
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A great number of chemical reactions may take place between organic compounds 
and the many other pollutants present in ambient air. Some reactions, such as sulfation 
or photodegradation, may reduce the carcinogenicity of an organic compound.7 Others, 
such as nitrogenation, may make them highly carcinogenic.7 From the limited data 
available, it appears that the most common pathway taken is photooxidation with the OH 
radical.7 This reaction normally results in the removal of most PAH from the atmosphere 
in a non-hazardous form. 
Organic compounds in the atmosphere play a major role in the formation of 
ground level ozone and photochemical smog.7 They are thus partially responsible for any 
health effects resulting from these conditions. Inhalation of organic compounds, however, 
is not normally the environmental hazard for humans. In fact, even if it were it has been 
argued that the organic compounds in particulate emissions from pulverized coal 
combustion are virtually biologically inert.7 
Organic compounds may accumulate in soils and plants and in the sediments of 
lakes. Since no detrimental effects are noted on plant or fish species, these compounds 
are passed up through the food chain to animals and man.7 Links between occupational 
exposure to organic compounds and concentrations of related metabolites in the body have 
demonstrated that detrimental effects may be predicted.7 
There is need for more accurate and reliable data on almost all aspects of this 
subject. More research is needed on emissions so that it may be possible to standardize 
sampling and analysis techniques (especially for PCDD/PCDF), to determine the extent 
to which individual operating parameters affect emissions (coal characteristics, air:fuel 
ratio and so on), and to determine emissions of individual organic compounds from coal 
utilization.7 
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The cleaning of all materials used for sampling is of primary importance to ensure 
that background contamination is as low as possible.4 All glassware, including the probe, 
is normally washed several times in a special soap solution such as a surfactant and, if 
it is to be used for the sampling of organic compounds, rinsed with water and then with 
solvents such as hexane, acetone, toluene or dichloromethane.14'19 PTFE tubing may be 
washed in nitric acid and rinsed in water.4 
The temperature in sampling systems must be monitored and controlled carefully. 
This precaution is particularly important in the measurement of organic compounds which 
have variable volatility and reactivity at different temperatures 4 For example, dioxins 
may be formed above 150°C. Sampling temperatures should therefore be maintained 
below 120°C.20 Discrepancies between the actual temperature of the stack gas and the 
temperature of the sampling system can cause substantial variation in the amount of 
condensate collected and accumulated in the probe.23 Although condensation is an 
important part of some sampling systems, it is a problem in others. 
One of the options in the US EPA Method 18 for VOC is based on capture of the 
flue gas in a bag made of an inert material such as Tedlar which is stored chilled during 
transport and storage.24,25 The Canister Method for VOC has been suggested as a viable 
alternative method for VOC sampling based on a canister of stainless steel, the interior 
surface of which is coated with chrome-nickel oxide.24 
Various polymer resins are available for the selective adsorption of organic 
compounds. The Coal Research Establishment (CRE), UK tested 4 commercially 
available resins, XAD-2, Porapak QS, Tenax TA and Chromosorb 102, for their efficiency 
in capturing PAHs.25 All resins were found to be suitable but XAD-2 is the cheapest and 
most widely used.4 
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According to Hanson and others,26 Tenax, Chromosorb and XAD-2 resins 
decompose in the presence of N02 in flue gas to form mutagenic nitro-compounds. 
Although Tenax decomposes to form quinones and quinols, these do not interfere with 
subsequent analysis of VOC. The decomposition products of XAD-2 interfere with gas 
chromatographic analysis of the organic compounds it captures; they also produce a 
positive mutagenic response in the Salmonella assay. These results have led researchers 
such as Yeh and others27 to use Tenax in preference to XAD-2 for VOC. However, 
XAD-2 is still used in the majority of published studies and in many standard techniques.4 
When dealing with organic compounds in trace amounts, there is often the problem 
of contamination from the resins themselves. XAD-2 as bought from the supplier may 
require further cleaning before use.4 Soxhlet extraction of the XAD-2 over two separate 
24 hour intervals is recommended by the California Air Resources Board.4 Even after this 
cleaning procedure, it is reported that trace amounts of organic compounds may remain 
in the resin.28 It has been suggested that, since these species seem to be held firmly 
within the resin, they may remain so and may not interfere with the analysis.4 This 
suggestion does, however, raise a question of irreversible binding of organic compounds 
to sampling resins; that is to say, some of the sample may be lost because it is held so 
firmly within the resin.4 
The most widely accepted method for the measurement of organic compounds with 
boiling points above 100°C is a modified US EPA Method 5 sampling train (Figure l).4 
The sample stream passes first through a cyclone (optional) and filter and then through 
a glass fiber filter, followed by a water-cooled condenser into a tube containing XAD-2 
resin. The resin is kept below 20°C by water cooling, and the condensate formed is 
collected in a condensate trap. The impinger train that follows may include deionized 
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distilled water or an ethylene glycol impinger as a backup to the resin and silica gel to 
protect the pump.4,14,22'29 This system captures halogenated compounds as well, including 
dioxins and furans.24 Between 2 and 8 hours of sampling are normally required to collect 
a sufficient sample ~ a minimum of 3.4 m3 of sample gas 4,24 Although this method can 
be used to measure over a hundred different substances, more accurate results are obtained 
when the sample is split into several extracts for multiple analysis, concentrating on 
individual species or species types.4 
Solvents used for sample removal from the modified Method 5 train vary from 
method to method.24 Hexane, acetone, methylene chloride or toluene may be used 
separately or combined. If extended flexible links are used, the cleaning must be 
thorough as these can be the major sites of sample loss and cross-contamination between 
studies.4 Resin tubes from organic sampling trains are covered with foil during storage 
to prevent photodegradation of the trapped organic matter.24 
2. Chlorine 
Halogens are released from coal combustion in the form of acidic gases which can 
cause problems both within a power station and in the environment around it.30 Along 
with NOx and SOx, halogens and especially chlorine can contribute to acid rain and to the 
damaging effect acid rain can have on land and water based ecosystems. Deposition of 
halogens around large point sources, including power stations and industrial sites, can be 
responsible for a significant proportion of the local acidity. The halogens are generally 
among the nutritional requirements of most animal and many plant species, but excessive 
doses can be toxic. 
The natural volatilization of chlorine, bromine and iodine from sea-salts is the 
major source of these elements in the atmosphere.30 The principal sources of halogens 
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from human activities are combustion (including combustion of fossil fuels in power 
stations), industry and agriculture. The halogen content of different fuels and even 
different coal types can vary greatly. Fuel type, combustion conditions and the presence 
of different pollution control equipment can affect the amounts of each halogen eventually 
released. Halogens, like other incombustible constituents of coal, can leave the power 
station in the solid, liquid or gas/vapor streams. 
The chemical form of the presence of a halogen is important in considering its 
behavior and effects on the environment. The molecular form of chlorine, Cl2, is 
potentially harmful to man, but is not common in the environment.30 The acidic gas form, 
HC1, is also potentially harmful to man, due largely to its acidity. The most common 
inorganic form of chlorine is NaCl which is harmless in the quantities encountered in the 
natural terrestrial environment.30 Chlorinated aromatic compounds such as dioxins and 
furans can be highly carcinogenic.30 
Free halogens in the atmosphere are not common, as they quickly react with 
hydrogen donors to form HC1, HF, HBr and HI.30 The majority of halogen emissions 
from human activities are in the form of these soluble acidic gases.30 
The only inorganic forms of chlorine that can be measured in the atmosphere in 
significant quantities are HC1 and NH4C1.30 Both HC1 and NH4C1 are highly soluble, and 
thus the majority of these gases in the atmosphere are washed out by precipitation. Rain 
and snow typically contain between 0.2 and 0.8 ppmv chlorine derived from sea-spray, 
dust, volcanic emanations and industrial pollution.30 
When considering the acidic potential of chlorine emissions, it is important to 
consider the form in which the chlorine is released.30 HC1 will contribute to the acidity 
of the atmosphere, whereas CI" will not. HC1 is acidic because it dissolves in water to 
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give the H+ ion. The acidic HC1 produced in the atmosphere from CI", however, is 
formed using the H+ from other acids such as H2S04, and thus the CI" is not the original 
source of acidity. The contribution to acidification from fluorine is generally lower than 
that from chlorine, and that from bromine and iodine is lower still ~ in both cases this 
lower contribution is due to the lower concentrations of the halogens in the environment. 
Chlorine in coal and coal products may contribute significantly to fouling and 
corrosion of coal handling and processing equipment.31'32'33'34 Fouling is the accumulation 
of small, sticky molten particles of coal ash on a boiler surface. A generally accepted 
fouling classification of coal according to total chlorine is as follows:31 if the total percent 
chlorine in the coal is <0.2, the fouling type is low; 0.2 - 0.3% chlorine coal is medium 
fouling type; 0.3 - 0.5% chlorine coal is high fouling type; and >0.5% chlorine coal is 
severe fouling type coal. 
In terms of corrosion, the occurrence of chlorine in coal leads to the formation of 
hydrogen chloride, and the condensation of water containing hydrogen chloride 
(hydrochloric acid) on the cooler parts of combustion equipment can lead to severe 
corrosion of the metal surfaces. Chlorine in coal converts predominantly to HC1 in a 
furnace, and coal containing 0.1% chlorine produces approximately 80 ppm HC1 in the 
flue gas.32 The corrosion of coal equipment is the result of several causes, one being the 
chlorine content of coal, and it is difficult to foresee the degree of corrosion within a 
given time frame. It is also difficult to predict the effect that chlorine content contributes 
to the corrosion. It is generally predicted, though, that the higher the chlorine content, the 
greater the chances for corrosion of the equipment.33 It is now known that if the coal's 
chlorine concentration exceeds -0.25 wt% of the coal, the chlorine may cause corrosion 
problems during utilization.32'34 
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After S02 and N0X, HC1 emissions are probably the major man-made contribution 
to atmospheric acidity.30 HC1 has a high solubility compared to other acidic gases. HC1 
gas will dissolve in rain droplets immediately to release acidic hydrogen ions. Less 
reactive S02 and NOx may take from a few hours to several days to form sulfuric and 
nitric acids, respectively. Therefore, close to sources of emissions, it is likely that HC1 
is a significant contributor to acidity. In the atmosphere, HC1 can be neutralized by NH3 
to form NH4C1.30 
The chlorine content of coal varies from just a few ppm to thousands of ppm.30 
There seems to be no general correlation between coal rank and coal chlorine content, 
although a study by Martinez-Tarazona and Cardin36 indicates that there may be a positive 
correlation between the chlorine content and organic matter in high volatile bituminous 
and subbituminous coals from the Asturian coal-field, in the north of Spain with a 
chlorine content less than 0.3%. Emissions of chlorine from coal-fired plants can range 
from 50 to several thousand parts per million by volume depending on the original 
concentration in the coal, the type of combustor and any pollution control equipment 
installed.30 
A study by Munzner and Schilling37 on a bench-scale FBC unit with a finely 
powdered limestone sorbent added found a definite relationship between bed temperature 
and the partitioning of chlorine between flue gas and ash phases. However, the emission 
percentage for chlorine in the flue gas phase only increased from around 75% to 95% 
between 750°C and 900°C. 
Liang and others38 found that chlorine showed a large variation in form with 
temperature moving from only 18% gaseous HC1 at 700°C to 99% HC1 at 950°C, the 
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remainder being almost entirely in the form of liquid CaCl2 (negligible amounts of 
gaseous CI, Cl2 and CaCl2 are formed at all temperatures). 
Munzner and Schilling39 studied the effect of limestone to sulfur (Ca:S) molar ratio 
on chlorine partitioning (between flue gas and ash) in a bench-scale AFBC unit. A 
greater recapture (finding chlorine in the ash) of chlorine occurred with larger excesses 
of limestone, where the Ca:S ratio was greater than 2. However, with excess limestone 
NOx emissions were increased. 
In an AFBC system, capture of chlorine by lime in the combustion zone depends 
upon the temperature of the combustion zone and the ratio of Ca:S.30 At greater Ca:S 
ratios more of the limestone is free to capture the chlorine. The chlorine captured by the 
limestone is found either in the furnace (bottom) ash or the particulates captured by the 
particulate control systems downstream of the combustion zone. Smaller raw coal 
particles and the faster bed flow rates decrease emissions of chlorine by reducing the 
residence time of the coal particles in the combustion zone.30 
Despite the general awareness of the corrosion role of chlorine in coal use, there 
are still questions regarding the occurrence of chlorine in coal. There have been relatively 
few direct observations on how chlorine occurs in coal. Ample amounts of the knowledge 
obtained has been inferred from indirect methods involving pyrolysis, chemical reaction, 
aqueous leaching, etc.34 Direct observations have been limited to qualitative optical or 
electron microscopic investigations. 
Various modes of occurrence have been proposed for chlorine in coal. Many 
authors have proposed that chlorine may exist in one of three major modes: as crystalline 
inorganic chlorides (NaCl, KC1, CaCl2), as organochlorine compounds, and as chloride 
anions in solution in the moisture in coal.34 Other more unique possibilities have also 
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been suggested, including oxychlorides. There is no general agreement in the literature 
as to what proportion of chlorine is present as each type. However, recent evidence 
suggests that, in U.S. coals at least, chlorine is mainly present as chloride anions in the 
moisture within pores in the coal.30 Upon drying, this chlorine precipitates as NaCl.35 
Huggins and Huffman report that the most recent information seems to favor that the 
mode of occurrence is chloride anions in the moisture of coal. Yet, all the evidence for 
this particular mode has been obtained by inference from indirect methods. 
Huggins and Huffman34 found that for most coals, regardless of geographic origin 
and rank, the X-ray fine absorption spectra indicate the presence of a single form of 
occurrence in which chlorine is present as chloride anions associated with the moisture 
held in the macerals. In only four coals ~ that of highest rank and those with the highest 
chlorine contents — was a second, minor form of chlorine observed: sodium chloride 
(NaCl). They suspect that this second form is actually an artifact, derived from the major 
chlorine form as a consequence of pulverization and drying of these coal samples after 
removal from the seam. Huggins and Huffman conclude that the best model for the mode 
of occurrence of chlorine in most coals that is compatible with the XAFS evidence is one 
in which hydrated chloride anions are anchored by ionic attraction to polar organic 
groups, such as quaternary ammonium groups at the surface of micropores in the coal 
macerals. 
Keene39 found that the evolution of HC1 and H 20 both begin around 200°C, and 
that HC1 reaches its first peak maximum at 320°C. A second peak maximum for HC1 
occurs at 440°C. A third, very small peak maximum occurs at 650-850°C for one of the 
coals they studied. They suggest that the third peak is due to the decomposition of 
inorganic chlorides and that the evolution of HC1 in the first and second peaks occurs at 
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temperatures similar to those of evolving water. They also find that the HC1 evolution 
profiles for the varying mesh sizes of the coals indicate that the smaller mesh size of the 
coal, the lower the temperature of the first evolved peak. One part of this research will 
be to study the evolution of chlorine in coals of various ranks. 
The maximum temperature for the first HC1 peak is around 300°C for all the coals 
they studied.39 Keene suggests that this is an indication that the evolution of HC1 in the 
first peak is due to thermal effects and is not related to the rank of coal. They believe 
that the first HC1 peak is HC1 that is normally adsorbed on pore walls. They report that 
the second HC1 peak is due to the oxidation of coal and subsequent HC1 release 
representing a more tightly bound HC1. They also find that the proportion of HC1 in the 
first and second peak regions appears to differ systematically between U.S. and British 
coals. The major portion of HC1 in British coal evolves at the first peak; this indicates 
that the HC1 in British coal is mostly adsorbed on pore walls. The major portion of HC1 
in U.S. coals evolves at the second peak indicating that the HC1 in U.S. coals is mostly 
more tightly bound in the coal matrix. This important finding for the occurrence of 
chlorine in coal might suggest that boiler corrosion due to chlorine in coal may not be 
directly related to the amount of chlorine in coal, but rather to how the chlorine occurs 
in the coal.39 
Dioxin formation occurs rapidly on copper chloride and some other metal 
chlorides.4 At elevated temperatures, steel and copper surfaces in samplers may be 
corroded by hydrogen chloride present in flue gases and thus may provide sites for such 
reactions. Glass, quartz, PTFE or titanium should be used instead for dioxin studies.20 
In the Japanese Industrial Standards40 stainless steel and chloroprene rubber are not 
permitted in hydrogen chloride sampling. In the proposed U.S. EPA (United States 
Environmental Protection Agency) protocol for dioxin sampling, the system must be 
nickel plated or made of glass.41 
Volatile species may be removed from the gas-phase by bubbling the flue gas 
through a series of impinger bottles containing solutions in which the volatile species may 
be selectively solubilized.4 Some solutions most commonly used for trace HC1 are 
distilled water42, hydrogen peroxide then sodium hydroxide29, sodium hydroxide4 and 
sulfuric acid followed by sodium hydroxide (U.S. EPA Method 26). 
Impinger trains have several inherent problems:4 they are awkward to set up and 
difficult to operate, requiring a large amount of delicate glassware and tubing; they are 
potentially hazardous (some solutions are highly acidic or caustic); the recovery 
procedures required are complex and may result in the loss of a proportion of the sample; 
the gases passing into impinger solutions may have to be cooled; and their performance 
is not well characterized. Activated carbon may also be used to capture the halogens.43 
A sampling method used for the capture of gas-phase halides29 involved pseudo-
isokinetic sampling as a pump was used to draw the sample gas through impinger 
solutions at a steady rate. The flue gas passed through a quartz wool filter to remove 
particles. The tubing was unheated but was kept as short as possible to limit 
condensation. The impinger solutions were kept cool in iced water to maximize the 
condensation of the target species. The sample finally passed through a drying tube 
containing anhydrous calcium chloride to dry the gas and protect the pump.29 A similar 
method was adopted by Environment Canada42 as the reference method for HC1 from 
stationary sources. 
The thermal Deacon reaction can account for the formation of Cl2: 
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A 
4HC1 + 0 2 -> 2C12 + 2H20 
In research by Lu44 it was noted that the existence of chlorine molecules from PVC 
combustion suggests that some fraction of the abundant HC1 could be undergoing a 
thermal Deacon reaction. At atmospheric pressures this reaction is thermodynamically 
favored up to about 600°C. Cl2 can readily account for the formation of a variety of 
chlorinated organic compounds, while HC1 itself cannot. It has been found that in the 
presence of substantial amounts of sulfur, Cl2 production (and consequently PCDD/PCDF 
formation) is suppressed. The Cl2 is reduced immediately to HC1 by way of the following 
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reaction: 
S02 + C\2 + H20 -> S03 + 2HC1 
B. Problem 
Modern coal-fired boilers do not ordinarily release significant amounts of organic 
coproducts. However, volatile organics are always produced and almost always burned 
as a part of the combustion process. These follow a number of physical and chemical 
pathways in the environment. The complexity of this atmospheric chemistry does not 
allow a complete understanding of the pathway of all organic emissions from an 
individual source. It appears that organic emissions from the clean and efficient use of 
coal do not pose a threat to human health.7 However, inefficient, uncontrolled use of coal 
gives rise to organic emissions which can be detrimental to health. More data are 
required on organic emissions, as well as their pathways and effects in the environment.7 
In many developed countries, coal combustion is the largest source of chlorine 
from human activities.30 Emissions of chlorine from coal combustion are in the form of 
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highly soluble acidic gases which can contribute to acid rain. Combustion conditions and 
pollution control equipment may appreciably reduce the eventual emissions of chlorine 
to the atmosphere from coal combustion. Those processes designed to control emissions 
of SOx, such as limestone addition to the boiler and flue gas desulfurization, can be 
especially effective in reducing emissions of the acidic halogen gases.30 In most countries, 
chlorine emissions from coal combustion are not considered to be of environmental 
concern. However, the chlorine in coal may cause corrosion problems during utilization 
if its concentration is high enough. Thus, there is significance in evaluating the fate of 
HC1 in the flue gases during combustion. 
Additionally, increasing awareness of the environment and of the detrimental 
effects of many pollutants has led to a greater demand for accurate measurement of 
emissions.4 
C. Purpose 
The purpose of this study is to understand the behavior of chlorine and the 
emission of organic compounds during coal combustion in an AFBC system. Insight to 
this evaluation could be obtained by devising a way to collect combustion emissions and 
analyzing them for organic compounds and chlorine. 
The method for collection and analysis of the gaseous emissions of organic 
compounds involves the use of a Tenax resin as an absorbent for the organic compounds 
as they are emitted from the combustor, an extraction method to remove the absorbed 
compounds from the Tenax so that they are in liquid form and a combined gas 
chromatography - mass spectrometry (GC-MS) technique. Development of these methods 
and techniques for the Western Kentucky University AFBC unit was undertaken. 
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The behavior of chlorine was studied by collection of samples of chloride 
emissions from combustion flue gas in a buffer solution and analysis by ion 
chromatography (IC). Studies of the effects of different sampling bed heights and bed 
temperatures on the amount of chloride emissions were performed while burning a low 
chlorine coal. Also, studies of the behavior of chlorine of coals of different ranks were 
done using a combined thermogravimetric analysis - mass spectrometry (TG-MS) 
technique. 
II. EXPERIMENTAL 
A. Materials 
The ultimate analysis data for the coals used in the TG-MS study is shown in 
Table 1. 
Table 1. Ultimate Analysis Data (Dry Basis) for Coals Studied by TG-MS 
Coal CI C H O N S Ash 
33501 0.88 79.75 5.37 8.20 1.55 0.94 3.23 
33500 0.39 63.95 4.21 6.31 1.29 1.31 22.24 
33875 0.38 70.34 4.25 6.55 1.54 1.02 16.10 
33876 0.26 75.40 4.92 6.70 1.50 2.94 8.17 
33873 0.16 72.29 4.99 7.13 1.27 4.47 9.71 
501 0.20 86.71 4.23 2.17 1.27 0.66 4.77 
701 0.13 66.20 4.21 7.10 1.25 0.71 19.84 
801 0.04 65.85 4.36 18.19 1.25 0.80 9.72 
201 0.03 68.43 4.88 16.24 1.02 0.63 8.77 
601 0.03 76.89 5.49 10.76 1.50 0.62 4.71 
Coal 95011 (23 ppm chlorine on an as-received basis) was burned in each 
combustion experiment. The chemical composition of this coal and Virginia limestone 
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on an as-received basis, as analyzed by the WKU Coal and Fuel Lab, is presented in 
Table 2. This coal was determined to have a chlorine content of 23 ppm or 0.0023%. 
Kentucky limestone was also introduced with the coal feed, and Virginia limestone was 
used as the bed material. 
Table 2. Chemical Composition of Coal 95011 and Limestones 
Coal 95011 Virginia Limestone Kentucky Limestone 
Moisture (%) 10.07 0.06 0.19 
Ash (%) 8.42 56.90 57.93 
Volatile matter (%) 36.30 26.64 18.90 
Fixed Carbon (%) 45.21 16.40 22.98 
Carbon (%) 66.62 9.06 11.18 
Hydrogen (%) 5.70 0.00 0.16 
Nitrogen (%) 1.38 0.00 0.00 
Sulfur (%) 2.88 0.00 0.00 
Oxygen (%) 15.00 34.04 30.73 
Chlorine (ppm) 23 15 36 
Heating value (Btu/lb) 11874 — 
For the collection and analysis of organic compounds Tenax, hexane, methylene 
chloride, methanol and several standards were used. Tenax™ - TA, the absorbent resin 
for trapping volatiles, is 60/80 mesh from Scientific Instrument Services, Inc. and has a 
high temperature limit of 350°C. It has a low affinity for water. Hexane, C6H]4 (FW 
86.18), was from Fisher A.C.S. certified grade. Methylene chloride, CH2C12(FW 84.93), 
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was 99.6%, A.C.S. reagent, from Aldrich Chemical Company, Inc. Methanol, CH3OH 
(FW 32.04), was 99.9+% A.C.S. HPLC grade, from Sigma-Aldrich. A Cole-Parmer 8851 
ultrasonic bath was used for the extractions. The glass collection tubes had a 0.5 cm 
inner diameter and were an average of about 40 cm in length. The peristaltic pump was 
a Masterflex Cole-Parmer 6-600 RPM with solid state speed control. 
The naphthalene standard solid was Baker 'Scintrex' grade. The acenaphthylene 
was a 75% purity standard solid and typically contains 20% acenaphthene from Aldrich 
Chemical Company. Biphenylene was 99% purity from Aldrich Chemical Co. The 2-
methylnaphthalene standard was 98% and from Aldrich Chemical Co. The phenol was 
liquefied reagent from Matheson, Coleman and Bell. Indene was a 99+% liquid from 
Aldrich Chemical Co. 
The absorbing buffer solution for the collection of chloride and sulfate is 70 
ppm sodium bicarbonate and 16 ppm sodium carbonate. The sodium bicarbonate, 
NaHC03 (FW 84.01) was reagent, A.C.S. powder from Matheson, Coleman and Bell. 
The sodium carbonate, Na2C03 (FW 105.99) was anhydrous, granular from EM Science. 
All solutions for the IC are prepared using approximately 18 MD (nanopure) water. The 
hydrogen peroxide, H202 (FW 34.02), was reagent 30% solution from EM Science and 
was kept refrigerated. The mobile phase for the IC is a 2.5 mM phthalic acid and 2.4 
mM tris(hydroxymethyl)aminomethane solution. The phthalic acid, C6H4(C02H)2 (FW 
166.13) was of 99% purity and from Aldrich Chemical Company, Inc. The 
tris(hydroxymethyl)aminomethane was from J.T. Baker Chemical Co. and meets ACS 
specifications. IC chloride and sulfate standards were from Alltech and were diluted to 
make 1 and 5 ppm solutions. 
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B. Instrumentation 
Experiments were carried out on coals of different ranks on a combined TG-MS 
system to study the behavior of chlorine from coals of different rank. This study was a 
continuation of those done by Jennifer Keene.39 The instrumentation used for these 
studies was a TA Instruments 2950 TGA (thermogravimetric analyzer) interfaced to a 
Fisons' VG Thermolab Mass Spectrometer (MS) by means of a heated capillary transfer 
line.39 The MS unit is based on a quadrupole design with a 1-300 atomic mass unit (amu) 
mass range. The sample gas from the interface is ionized at 70 eV. The quadrupole 
consists of an enclosed ion source of a Nier type that has a triple filter design and utilizes 
a Faraday cup and a secondary electron multiplier (SEM) which is stable in air. The 
software package used for analysis is Fisons' Thermosoft.39 The transfer line connecting 
the TG to the MS is heated to 170°C, and the inlet port of the mass spectrometer is 
heated to 150°C. 
The instrumentation for the analysis of organic compounds from combustion of 
coal 95011 in the AFBC is the Shimadzu QP 5000 GC-MS system. This instrument is 
custom designed. The gas chromatograph includes a digital sample splitter and 
connections for two parallel GC columns. The carrier gas flow rate through each of these 
columns is computer controlled. Since the viscosity of a gas increases at higher 
temperatures, it becomes necessary to program the gas pressure in order to maintain the 
same flow rate throughout the analysis. One column leads to the MS interface and the 
other to an electron capture detector (ECD) that will eventually be used to perform on-line 
analysis of the gaseous emissions from the AFBC. The mass spectrometer operates in the 
electron impact (EI) mode in the range of 10 - 700 amu with a standard 70 eV source, 
and is fitted with a 151 L/sec turbo molecular pump, whose high capacity facilitates the 
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use of a 0.32 mm capillary column for analysis. Depending on operating conditions the 
sensitivity of the system may vary. The mass fragmentation spectra of detected 
compounds can be compared with the NIST/EPA/NIH database, which consists of the 
spectra of 62,000 compounds including polynuclear aromatic hydrocarbons, chlorinated 
hydrocarbons and phenols. 
The columns are 0.32 mm in diameter and 60 m in length. The stationary phase 
is Restek Rtx-1 (bonded dimethylpolysiloxane). The stationary phase coating has a 
thickness of 1 xm. The component capacity of this column is approximately 500 ng with 
a resolution nearly as high (almost 84%) as a 0.25 mm diameter column of the same 
length.45 This high resolution allows for detection and identification of smaller amounts 
of minor components. The GC-MS channel and the parallel ECD channel have been 
separately calibrated for pressure/temperature/flow rate relationships from 60°C to 330°C, 
pressures up to 400 kPa and flow rates between 1.2 to 2.2 mL/min.45 
The instrumentation for the analysis of chloride from combustion in the AFBC 
consists of a Shimadzu LC-600 high performance pump with micro-volume plungers for 
mobile phase delivery, a Rheodyne Model 7125 syringe loading sample injector, a 
Shimadzu CTO-6AS ion chromatograph column oven, a Shimadzu HIC-6A ion 
chromatograph, a Shimadzu CDD-6A conductivity detector and a Shimadzu CR501 
Chromatopac with IC card integrated chromatography data processor. The column oven 
has a temperature control range from ambient +10°C to 99°C and temperature control 
accuracy of ±0.1°C. The conductivity detector has a range of 0.1 - 5120 (is/cm, a noise 
level of 0.004 |is/cm and a drift of 0.025 jas/cm per hour. The column is a Hamilton 
PRP-X100 ion column that is 150 mm in length and has a 4.1 mm inner diameter and a 
10 (im particle size. PRP-X100 is poly(vinylbenzyl-trimethylammonium chloride) which 
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is used exclusively in the non-suppressed mode. High pH stability makes this column 
ideal for the separation of weak anions. The limit of detection (LOD) is the "level" of 
sample in the detector when the signal-to-noise ration is three. This instrumentation was 
found to have a LOD of 0.01 ppm for chloride and 0.04 ppm for sulfate. The LOD was 
found by finding the lowest concentration of chloride and sulfate standards that could be 
detected by the instrument using the same analysis parameters as those that were used in 
sample analysis. 
C. Experimental Procedures 
The TG-MS was operated at a pressure of 4 x 10"5 mbar in air using a 20-40 
mg sample for each run. The TGA was heated from ambient to almost 990°C. A 
platinum open sample pan was used. The flow rate was 50 mL/min in air. 
A schematic of our AFBC system is shown in Figure 2. For collection of 
organic compounds, a glass collection tube was filled with a Tenax resin and plugged on 
either end with glass wool. The bottom of the glass tube was connected to outlet port 4 
from the combustor which is about 54 inches above the setter plate. The setter plate is 
located, in Figure 2, at the band directly below the bed drain just above the wind box. 
The top of the tube was connected to a peristaltic pump set to pump approximately 
0.145L/min. The pump was calibrated with a wet test meter. In early collections, the 
steel port outlet of the combustor was connected to the collection tube with teflon tubing. 
A schematic of this sampling system is shown in Figure 3. Later collections involved 
connection of the collection tube with a heated (~200°C) steel outlet port and brass 
compression fittings with a rubber gasket. Some collections had two collection traps with 
one surrounded by ice. This sampling system is illustrated in Figure 4. 
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F L U I D I Z E D B E D C O M B U S T O R CEWTOT FOR COAL SCIENCE -
Figure 2. Western Kentucky University AFBC System. 
Figure 3. Early organic compound sampling system. 
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Figure 4. Modified organic compound sampling system. 
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After collection, the Tenax resin was transferred to a 100 mL flask and 
extracted using the following procedure: 
• 20 mL of hexane was added to each sample. 
• The samples were placed in an ultrasonic bath that contained ice and allowed 
to sonicate for 2 hours. 
• Then an additional 20 mL of hexane was added, fresh ice added to the 
ultrasonic bath and the samples sonicated for 2 more hours. 
• Next, the solution was filtered from the Tenax. The Tenax was washed with 
the sample solution 2 times and then with fresh hexane 2 times. 
• Then the samples were concentrated for analysis by boiling with boiling chips 
to 0.5 - 5 mL. 
Samples run with the file called TENAX.MET were run with the Tenax method. 
The GC-MS method parameters for TENAX.MET are as follows: 
Injector temperature: 250.00°C 
Initial oven temperature: 100.00°C 
Oven temperature program: Rate f°C/min) 
5.00 
5.00 
5.00 
Initial carrier gas pressure: 106.50 kPa 
Pressure program: Rate fkPa/min) 
1.6 
1.4 
1.2 
Temp (°C) 
150.00 
200.00 
250.00 
Press OcPa) 
122.30 
135.90 
147.50 
Time (min) 
5.00 
5.00 
12.35 
Time (min) 
5.0 
5.0 
12.0 
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Split Ratio: 22.00 
Samples ran with the file called FASTSCAN.MET were run with the fast scan 
method. The GC-MS method parameters for FASTSCAN.MET are as follows: 
Injector temperature: 250.00°C 
Initial oven temperature: 100.00°C 
Oven temperature program: Rate (°C/min) Temp f°C) Time (min) 
20.00 160.00 0.00 
20.00 240.00 0.00 
20.00 310.00 17.00 
Initial carrier gas pressure: 106.50 kPa 
Pressure program: Rate fkPa/min) Press fkPa) Time (min) 
6.20 125.10 0.0 
5.00 145.10 0.0 
4.00 159.10 17.0 
Split Ratio: 10.00 
Collection of the IC samples involved preparing flasks of 100 mL of the absorbing 
buffer solution. Just prior to collection, 1.5 mL of H202 is added to the solution. The 
solution is poured into a cylindrical side arm flask. A rubber stopper with a glass bubbler 
through it is fitted on the flask and flue gas from port 3 (about 78 inches above the setter 
plate) or port 1 (158 inches above the setter plate) goes through a heated transfer line to 
a GC and a FTIR, and then is bubbled through the solution. A pump is connected to the 
side arm to keep the flow at 32 cm3/min. This collection system can be seen in Figure 
5. The solutions are collected for approximately 1 hour and analyzed by ion 
chromatography. 
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To correlate the chloride and sulfate in the absorbent solutions to the emission 
rates of chlorine and sulfate in the flue gas, the following equations and reasonings were 
used: 
• Since the flow rate of the sampling gas is usually 32 cm3/min, the flow rate at 
standard temperature and pressure, Qs, can be converted with the equation: 
Qs = [32 cm3/min]/[1000 cm3/L * 24.5] (mol/min) [1] 
(24.5 L/mol is the molar volume) 
• The time length of collecting the sampling gas is t (min) 
• The total volume of sample gas is 
Z Q s = Q s t ( m o l ) [2] 
• The total amount of chlorine collected in t, Qc, 
Qci = na * V * 10-6 (g) [3] 
= nc * V * 10"6/35.45 (mol) [4] 
where r ^ = chlorine concentration in the absorbent solution, ppm (1 ppm = 10"6 
g/mL), V = volume of absorbent solution, mL, 35.45 = atomic weight of 
chlorine, g/mol 
• So, the chlorine concentration in the flue gas, Nc, is 
NC1 = QC1 / HQ,, (mol/mol or vol/vol) [5] 
= 21.597 nc, * V / 1 * 10"6 (mol/mol or vol/vol) [6] 
= 21.597 nc * V / t (ppm) [7] 
Similarly, calculation for S02 (NS02 = NS04) emission rates were made, except 
using the molecular weight for sulfate (96 g/mol) in place of 35.45 in equation [4], giving 
the following equation for the emission rate of S02 in the flue gas, NS02 
NS02 = 7.975 nS04 * V / 1 (ppm) [8] 
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where nS04 = the sulfate concentration in the absorbent solution and V and t are the same 
as in the case of chlorine. 
For the July 1, 1996 combustion experiments a flow rate of about 12 mL/min was 
used, and samples were collected for two hours each. Samples were collected from port 
2 of the combustor. 
III. RESULTS AND DISCUSSION 
Table 3 summarizes some parameters of each AFBC burn during which organic 
compounds and chlorine emissions were studied. Detailed data over the entire combustion 
burns were recorded and plotted on time scales as part of another study. 
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Table 3. Combustion Parameters 
1996 Date Coal 
January 25 95011 
February 13 95011 
February 27 95011 
March 21 95011 
April 4 95011 
April 25 95011 
May 9 95011 
July 1 95011 
Bed Temperature f°F) 
not stable 1300 - 1700 
1250-1600 overall 
1450-1550 most of the 
time 
1500-1700 til 2:00 pm, 
then 1600-1650 
1450-1650 til 10 pm, 
then 1550-1600 10pm-
12:30 am 
Comments 
only fixed heat exchange tube, 
early sampling system 
only fixed heat exchange tube, 
early sampling system 
only fixed heat exchange tube, 
early sampling system 
only fixed heat exchange tube, 
early sampling system 
only fixed heat exchange tube, 
modified sampling system 
usually between 1400 and only fixed heat exchange tube, 
1650 
between 1500 and 1670 
between 1500 and 1750 
modified sampling system 
movable heat exchange tubes 
installed, modified sampling system 
movable heat exchange tubes 
installed, modified sampling system 
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1. Organic Compounds 
Table 4 shows the results of the GC-MS analysis of the standard compounds. 
Some standards were run with the GC-MS Tenax method for retention time comparison 
with samples that were run with this method. The naphthalene analyses that were run 
with the fastscan method had a split ratio manually set at 20. Peak processing parameters 
that may be changed are width (sec), slope (*1000/min), drift (*1000/min), T.DBL (min), 
minimum count, number of smoothing times and smoothing width (sec). The parameters 
not listed in the standards and results tables were set at zero except for T.DBL which is 
always 1000. All of the rest of the standards analyses that were run with the fastscan 
method had the normal split ratio of 10. 
The procedure for making a positive identification using the GC-MS involves (1) 
printing out the mass spectrum of the peak of interest (the program makes a digital 
printout that allows for ranking of the main signals quantitatively); (2) comparing the 
retention time with the retention time of the standard (run with the same method, these 
generally match up within ±0.1 minutes); and (3) looking at the mass spectrum of any 
standard(s) that match and comparing this with the mass spectrum of the unknown. If the 
mass spectra are very similar, this is a positive identification. Some of the compounds 
presented as results in the following tables are not positive identifications because a 
standard of the particular compound was not run. These are possible compounds of the 
sample via their mass spectrum and the NIST library; this library gives a similarity index 
(SI) indicating the degree of similarity between the unknown spectrum and the spectrum 
of the real compound from the library. The mass spectrum of each standard and an 
example of an unknown mass spectrum identified as one of the standard compounds is 
included in the Appendix. Only the results presented that have the corresponding 
Table 4. Standard Results 
Integration 
Retention Area Prameters 
Standard Peak# Time (min) x 106 Width. Slope NIST Picks [SF|* 
Naphthalene 1 9.9 0.020 1, 1500 Naphthalene [80] 
2 16.9 0.058 Pyrene [82] 
Naphthalene 1 9.9 0.035 1, 1500 Naphthalene [82] 
2 16.9 0.089 Pyrene [83] 
Naphthalene** 1 16.9 4.848 5, 1000 Naphthalene [95] 
2 39.6 6.304 Anthracene [94] 
4 49.4 7.067 Pyrene [94] 
Naphthalene** 1 16.9 3.348 5, 1000 Naphthalene [95] 
2 39.5 5.267 Anthracene [94] 
4 49.4 9.295 Pyrene [94] 
Acenaphthylene 1 12.0 100.6 5, 10000 Acenaphthylene [93] 
2 12.2 20.67 Acenaphthene [92] 
Acenaphthylene 1 10.7 3.662 5, 10000 Acenaphthylene [94] 
2 12.1 4.474 Acenaphthylene [94] 
3 12.3 1.143 Acenaphthene [91] 
Acenaphthylene* * 1 27.3 55.17 2, 6500 Acenaphthylene [94] 
2 28.4 8.396 Acenaphthene [93] 
Acenaphthylene* * 1 27.3 58.15 2, 6500 Acenaphthylene [94] 
2 28.4 8.705 Acenaphthene [93] 
Indene 1 8.4 1.940 2, 6000 Indene [91] 
Indene 1 8.4 1.393 2, 6000 Indene [92] 
Indene** 1 12.1 2.685 2, 3000 Indene [93] 
2 49.4 0.524 Pyrene [87] 
Indene** 1 12.1 2.493 2, 3000 Indene [93] 
2 49.4 0.674 Pyrene [87] 
Biphenylene 1 12.1 1.267 2, 6500 Biphenylene [92] 
Biphenylene 1 12.1 2, 6000 Biphenylene [92] 
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Table 4. Standard Results (continued) 
Standard Peak# 
Retention 
Time fmin) 
Area 
x 106 
Integration 
Parameters 
Width. Slope NIST Picks rSIl 
2-methyl-
naphthalene 
1 10.8 1.653 3, 6500 1-methylnaphthalene [93] 
2-methylnaphthalene [92] 
2-methyl 
naphthalene 
1 10.8 1.091 2, 6500 1-methylnaphthalene [93] 
2-methylnaphthalene [92] 
Phenol 1 7.4 1.064 4, 8000 Phenol [94] 
Phenol 1 7.3 0.659 2, 6500 Phenol [95] 
Pyrene 20 
alkanes 
16.8 
& phenols 
258.9 2, 6500 Pyrene [93] 
Pyrene 19 
alkanes 
16.8 
& phenols 
245.6 2, 6500 Pyrene [94] 
Decane 3 
4 
7.7 
8.0 
1123.5 
182.1 
2, 6500 Decane [92] 
Decane [94] 
Decane 3 
4 
7.7 
8.0 
1082.6 
209.3 
2, 6500 Decane [92] 
Decane [94] 
*SI = Similarity index 
**Run with Tenax method (different GC-MS method) 
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standard listed in Table 4 are positive identifications. For example, the standard 
naphthalene run with the Tenax GC-MS method has a retention time of 16.9 minutes, and 
its most intense peaks are at mass 128, 51, 64 and 63 (see Appendix). Sample 2 from the 
January 25, 1996 combustion run has a peak with a retention time of 17.3 and a mass 
spectrum with the most intense peaks of 128, 51, 64 and 63. These findings constitute 
a positive identification of naphthalene since the spectrum is reasonable for naphthalene, 
the rentention times of the standard and the sample peak are close, and the spectra of the 
two are very similar. Normally the retention times would be within ± 0.1 minutes. An 
explanation for the larger difference in the retention times between standards and samples 
may be due to differences in the times at which the specimens were analyzed. The GC-
MS instrument was serviced several times between analysis of some samples and analysis 
of the standards. 
Table 5 shows the most likely results of the GC-MS analysis of samples taken 
during the first two hours of the January 25, 1996 combustion run. These samples were 
collected using the early sampling system in unused Tenax. The Tenax was then 
dissolved, inadvertently, in methylene chloride and reprecipitated using methanol and 
concentrated using a Kuderna-Danish apparatus. The blank was prepared in the same way 
as the samples except that the Tenax was never hooked up to the combustor sampling 
system. The blank and sample number 1 were analyzed twice. Sample number 1 was 
collected from 10:45 to 11:45 pm during the combustion. Sample number 2 was collected 
from 11:50 pm, January 25, 1996 to 1:10 am, January 26, 1996. These samples were run 
with the GC-MS Tenax method. The blank was run with the fast scan method which has 
a faster heating rate than the Tenax method. In a review by Purushothama and Lloyd, 
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naphthalene and acenaphthylene were found as organic coproducts of coal combustion in 
at least five studies. Naphthalene was found in ten references and acenaphthylene in six.46 
Table 5. January 25, 1996 C 
Retention Area 
Sample Peak# Time (min) x 106 
blank none detected 
blank none detected 
1 4 12.4 0.0233 
6 17.3 0.1128 
7 27.6 0.0106 
1 11 17.2 0.2692 
13 27.6 0.0232 
2 1 7.7 0.0037 
2 17.3 0.0461 
nbustion Sample Results 
Integration 
Parameters 
Width. Slope NIST Picks [SI] 
5, 10000 
5, 10000 
2, 100 Indene [84] 
2, 100 Naphthalene [84] 
2, 100 Acenaphthylene [78] 
2, 100 Naphthalene 
2, 100 Acenaphthylene 
2, 100 (phenoxymethyl)-benzene 
2, 100 Naphthalene [82] 
Table 6 shows the most likely results of the GC-MS analysis of samples taken 
during the first four hours of the February 13, 1996 combustion run. These samples were 
collected using the early sampling system in unused Tenax. The Tenax was then 
extracted using the procedure described in the experimental section. The blank was 
prepared in the same way as the samples except that no Tenax was added in the extraction 
procedure. All samples were analyzed twice. The blank and samples were run with the 
fast scan method. Methylnaphthalene(s) have been found in six of the studies reviewed 
by Purushothama.46 In the analysis of the hexane blank and each sample, several peaks 
were picked by the NIST library as mainly linear, long chain hydrocarbons such as 
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Table 6. February 13, 1996 Combustion Sample Results 
Sample & 
Collection 
Integration 
Retention Area Parameters Concentration 
Time Peak # Time (mm) x 106 Width.Slope Vol (mL) NIST Picks [SI] 
blank nd 2, 6500 2.9 1,2,3,4-
tetrahydro-
naphthalene 
blank 1 9.7 0.5263 2, 6500 2.9 
1A 2 
8:23-9:00am 
10.0 1.5935 5, 10000 1.4 
1A 2 10.0 1.0880 5, 10000 1.4 
2A 1 
9:00-9:35am 
10.0 0.5116 4, 6000 3.1 
2A 1 10.0 0.4458 5, 10000 3.1 
3A 1 
9:35-10:35am 
9.7 1.0005 3, 3000 3.5* 
3A 1 9.7 1.5929 3, 3000 3.5* 
4A 1 
10:35-11:40am 
9.9 1.2319 3, 8000 4 
4A 3 9.8 0.8405 2, 6500 4 
5 
9 
10.0 
11.0 
2.2873 
0.4609 
10 11.1 0.3658 
13 12.2 0.1493 
tetrahydro-
naphthalene [94] 
Naphthalene [90] 
Naphthalene [90] 
tetrahydro-
naphthalene [82] 
tetrahydro-
naphthalene [86] 
Naphthalene [89] 
1,2,3,4-tetrahydro-
naphthalene [91] 
Naphthalene [92] 
1- or 2-methyl-
naphthalene [87] 
1- or 2-methyl-
naphthalene [88] 
Acenaphthylene [84] 
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Table 6. February 13, 1996 Combustion Sample Results (continued) 
Integration 
Parameters Concentration 
Width .Slope Vol (mL) NIST Picks TSI1 
Sample & 
Collection 
Time Peak # 
5A 1 
11:40-12:40pm 
nd 
Retention Area 
Time (min) x 106 
9.7 2.8369 
10.0 
2, 3000 3 1,2,3,4-tetrahydro-
naphthalene [93] 
Naphthalene 
5A nd 9.7 2, 3000 3 1,2,3,4-tetrahydro-
naphthalene 
nd 10.0 Naphthalene 
*Samples were inadvertently evaporated to dryness and hexane was added to the 
evaporated residue to the shown volume. 
- nd means that the peak was not detected as a peak under the given integration 
parameters 
tridecane, dodecane, tetradecane, and eicosane. These were dismissed as solvent 
impurities, although in the studies reviewed by Lloyd, several linear, long chain 
hydrocarbons were found by three or more research experiments as a result of coal 
combustion. It is not clear as to why 1,2,3,4-tetrahydronaphthalene is present in the 
blank. 
Table 7 shows the most likely results of the GC-MS analysis of samples taken 
during the first three hours of the February 27, 1996 combustion. These samples were 
collected using the early sampling system in used extracted recovered Tenax. The Tenax 
was then extracted using the procedure described in the experimental section. The blank 
was also from the batch of used, extracted recovered Tenax and was prepared in the same 
way as the samples except that the Tenax was not subjected to combustion gases. Also, 
straight hexane was analyzed to determine whether the hydrocarbon chain peaks may be 
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Table 7. February 27, 1996 Combustion Sample Results 
Sample & 
Collection Retention 
Time Peak # Time fmin) 
Area 
x 106 
Integration 
Parameters 
Width.Slope 
Concentration 
Vol fmU) NIST Picks [SI1 
blank none of interest 2, 6500 
blank none of interest 2, 1000 
hexane none of interest 1.5, 3000 
hexane none of interest 1.5, 3000 
1 3 8.5 0.1818 2, 6500 3.5 Indene [89] 
8:40-9:40pm 
7 10.0 
8 10.9 
1 1 8.5 
2 10.0 
2 nd 
ll:30-12:30am 
2 nd 
3 1 10.0 
12:40-l:40am 
3 nd 
2 10.9 
2.2873 
0.4609 
0.0866 2, 6500 
0.3478 
1.5, 1000 
2, 1000 
0.0818 2, 1000 
3.5 
Naphthalene [92] 
1- or 2-methyl -
naphthalene [82,81] 
Indene [85] 
Naphthalene [91] 
2, 2000 
0.0984 
4.1* Naphthalene 
4.1* Naphthalene 
1.9 Naphthalene [81] 
1.9 Naphthalene 
1- or 2-methyl -
naphthalene [83,80] 
*Samples were inadvertently evaporated to dryness and hexane was added to the 
evaporated residue to the shown volume. 
- nd means that the peak was not detected as a peak under the given integration 
parameters 
45 
due to some procedural or glassware contamination. All samples were analyzed twice. 
The blank and samples were run with the fast scan method. Only two peaks were 
detected in the blank under the shown integration parameters. These were picked by the 
NIST similarity search to be an alkyne and m-phenethyl-benzonitrile. The hydrocarbon 
chains were not detected in this blank. No peaks were detected in the straight hexane 
sample, and no evidence for the hydrocarbon chains was present. Evidence for linear and 
branched hydrocarbon chains was present in most of the samples. 
Table 8 shows the most likely results of the GC-MS analysis of samples taken 
during the first four hours of the March 21, 1996 combustion. These samples were 
collected using the early sampling system and new unused Tenax. The teflon tube was 
heated to about 200°C. The Tenax was then extracted using the procedure described in 
the experimental section. The blank was prepared in the same way as the samples except 
that the Tenax was not subjected to combustion gases. All samples were analyzed twice. 
The blank and samples were run with the fast scan method. It is confusing that we do 
not get the same results when running the same sample. Something may have been faulty 
with the instrument. 
Table 9 shows the most likely results of the GC-MS analysis of samples taken 
during the first day of the combustion run beginning April 4, 1996. These samples were 
collected using the modified sampling system except that sometimes the Tenax was heated 
instead of cooled. New unused Tenax was utilized. After sampling, the Tenax was 
extracted using the procedure described in the experimental section. The blank was 
prepared in the same way as the samples except that the Tenax was not subjected to 
combustion gases. All samples were analyzed at least twice. The blank and samples 
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Table 10. April 25, 1996 Combustion Sample Results 
Sample & 
Collection Retention Area 
Time Peak # Time ("mini x 106 
blank 1 15.2 
blank none of interest 
Integration 
Parameters Concentration 
Width.Slope Vol fmD NIST Picks [SI] 
3-butenyl-
benzene [81] 
3.805 2, 6500 1.1 
1 3 7.4 0.702 
0-1:10 4 7.9 1.428 
6 8.3 0.268 
9 10.0 1.783 
10 12.2 0.317 
1 3 10.0 0.882 
4 10.9 0.142 
2, 6500 2.7 phenol [82] 
decane [85] 
2-methyl-
phenol [82] 
Naphthalene [85] 
Acenaphthylene [88] 
2, 6500 Naphthalene [89] 
2- or 1-methyl 
naphthalene [89,88] 
undetected 12.2 Acenaphthylene [90] 
2 nd 4.5 
1:40-2:40 
2 nd 4.5 
3 nd 3.9 
2:40-3:42 
3 1 9.6 0.129 2, 2000 3.9 Naphthalene [82] 
4 nd 3.5 
3:50-4:47 
4 nd 3.5 
- nd means that the peak was not detected as a peak under the given integration 
parameters 
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Table 10. April 25, 1996 Combustion Sample Results 
Sample & 
Collection Retention Area 
Time Peak # Time (mini x 106 
Integration 
Parameters Concentration 
Width.Slope Vol (mL) NIST Picks [SI] 
blank 1 19.3 0.064 2, 6500 3.2 (phenoxymethyl)-
benzene [77] 
blank 1 19.3 0.058 1.5, 1500 3.2 (phenoxymethyl)-
benzene [72] 
la 1 10.0 0.161 2, 2000 1.82 Naphthalene [85] 
2 19.4 0.145 blank peak 
9pm (4/4) - 8:15 am (4/5), closer to combustor, not heated or cooled 
la 6 10.0 0.088 1.5, 2000 1.82 Naphthalene [86] 
7 19.4 0.117 blank peak 
la 1 9.9 0.251 2, 2000 1.82 Naphthalene [88] 
3 19.3 0.091 blank peak 
1 2 10.0 1.151 2, 6500 1.8 Naphthalene [85] 
3 12.6 <1.355 3-Butenyl-
benzene [82] 
5 19.4 0.509 blank peak 
9 - 10pm (4/4) , farther from combustor, not heated or cooled 
1 4 10.0 0.095 1.5, 1500 1.8 Naphthalene 
11 19.4 0.532 blank peak 
2a 1 19.4 0.100 1.5, 1500 1.89 blank peak 
1 - 3pm (4/5), closer to combustor, heated 
2a 1 19.4 0.101 1.5, 2000 1.89 blank peak 
2a 1 19.3 0.132 2, 2000 1.89 blank peak 
2 1 17.9 0.478 2, 6500 3.2 3-pentenyl-
1 - 3pm (4/5), farther from combustor, heated benzene [81] 
2 1 19.4 0.097 2, 1500 3.2 blank peak 
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were run with the fast scan method. Naphthalene was found in the earlier samples that 
were taken without heating. 
Table 10 shows the most likely results of the GC-MS analysis of samples taken 
during the first day of the combustion run beginning April 25, 1996. These samples were 
collected using the modified sampling system. The cooled sample was kept on 
continuously for the first four and a half hours of the burn. Previously used and extracted 
Tenax was utilized for sample collection. After sampling, the Tenax was extracted using 
the procedure described in the experimental section. The blank was prepared in the same 
way as the samples except that the Tenax was not subjected to combustion gases. The 
blank and samples were run with the fast scan method. There seems to be a big 
difference in the results depending on whether the sample was run before or after 
servicing of the GC-MS instrument. 
Table 11 shows the most likely results of the GC-MS analysis of samples taken 
during the first day of the combustion run beginning May 9, 1996. These samples were 
collected using the modified sampling system. The cooled sample, #la was kept on 
continuously for the three days of the burn. Previously used and extracted Tenax was 
utilized for sample collection. After sampling, the Tenax was extracted using the 
procedure described in the experimental section. The blank was prepared in the same way 
as the samples except that the Tenax was not subjected to combustion gases. The blank 
and samples were run with the fast scan method. Dibenzofuran was in seven references 
reviewed by Purushothama.46 
Table 12 summarizes the sample numbers of the confirmed organic compounds 
by combustion date. Naphthalene was the most common compound that was confirmed, 
being found in at least one sample from each combustion run. From the May 9th results, 
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Table 10. April 25, 1996 Combustion Sample Results 
Sample & Integration 
Collection Retention Area Parameters Concentration 
Time Peak # Time (min) x 106 Width.Slope Vol fmU NIST Picks rSIl 
blank 1 7.8 
2 9.6 
4.1 9.9 
0.632 
2.735 
<0.729 
2, 6500 2.7 Decane [95] 
1,2,3,4-tetrahydro-
naphthalene [96] 
Naphthalene [85] 
blank 1 7.8 
2 9.6 
0.427 
2.138 
2, 6500 2.7 Decane 
1,2,3,4-tetrahydro-
naphthalene 
la 1 9.7 0.079 2, 2000 2.8 1,2,3,4-tetrahydro-
naphthalene [85] 
several alkane peaks 
8pm (4/25) - 1:30am (4/26), cooled with ice, closer to combustor 
1 several alkane peaks 
8-9pm (4/25) 
2.3 
1 several alkane peaks 2.3 
2 1 9.7 
several alkane peaks 
9:20 - 10:15pm (4/25) 
0.131 2, 2000 2.6 1,2,3,4-tetrahydro-
naphthalene [87] 
2 1 9.7 
several alkane peaks 
0.099 2, 2000 2.6 1,2,3,4-tetrahydro-
naphthalene 
3 1 9.7 
2 19.4 
0.086 
0.164 
2, 2000 2.7 1,2,3,4-tetrahydro-
naphthalene [85] 
(phenoxymethyl)-
benzene [76] 
alkanes 
10:20 - 11:25pm (4/25) 
1 9.7 
2 18.1 
several more alkanes 
0.048 2, 2000 
0.124 
2.7 1,2,3,4-tetrahydro-
naphthalene [77] 
alkane [86] 
3 alkanes 
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Table 10. April 25, 1996 Combustion Sample Results (continued) 
Sample & Integration 
Collection Retention Area Parameters Concentration 
Time Peak # Time fmin) x 106 Width.Slope Vol (mL) NIST Picks [SI] 
3 alkanes 
1 9.7 0.055 2, 2000 
alkanes 
11:25pm (4/25) - 12:25am (4/26) 
2.1 1,2,3,4-tetrahydro-
naphthalene [81] 
1 
alkanes 
alkanes 
9.7 0.049 2, 1000 2.1 1,2,3,4-tetrahydro-
naphthalene [75] 
5 (before servicing instrument) no significant peaks 
12:30 - 1:30am 
5 (after service, with contamination from previous sample) 
5 16.8 2.474 5, 20000 2.5 Pyrene [93] 
alkanes 
5 (after service, without contamination) 
nd 9.6 5, 20000 2.5 1,2,3,4-tetrahydro-
naphthalene [93] 
nd 9.8 Naphthalene [93] 
1 13.9 <1.831 9H-Fluoren-9-one [91] 
2 14.3 3.219 Phenanthrene [82] 
7 16.8 3.134 Pyrene [91] 
phenols, alkanes 
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Table 10. April 25, 1996 Combustion Sample Results 
Sample & 
Collection Retention Area 
Time Peak # Time fmin) x 106 
blank 1 12.1 
2 12.3 
Integration 
Parameters Concentration 
Width.SIope Vol (mL) NIST Picks [SI1 
2, 6500 0.89 Acenaphthylene 
Acenaphthene 
blank 1 12.1 7.540 2, 6500 0.89 Acenaphthylene [93] 
Acenaphthene [92] 
la 4 7.7 2.936 2, 6500 1.79 Decane [94] 
1,2,3,4-tetrahydro-
naphthalene [81] 
Naphthalene [97] 
1- or 2-methyl-
naphthalene [87, 86] 
1- or 2-methyl-
naphthalene [90] 
Acenaphthylene [75] 
Acenaphthene [86] 
Dibenzofuran [74] 
alkanes, phenol, benzenes, diphenyl, benzylphenol, dibenzylphenol, 
diphenyl 
2:24pm (5/9) - 4:15pm (5/11) 
2 12.3 7.850 
14 9.6 <0.391 
16 9.8 5.349 
19 10.8 0.678 
20 10.9 0.533 
23 12.0 0.176 
24 12.3 <0.306 
25 12.5 <0.611 
5 7.7 3.715 2, 6500 1.79 Decane 
9 8.4 <1.624 Indene [91] 
17 9.6 0.552 1,2,3,4-tetrahydro-
naphthalene 
19 9.8 6.898 Naphthalene 
21 10.8 0.886 1- or 2-methyl-
naphthalene 
22 10.9 0.690 1- or 2-methyl -
naphthalene 
25 11.4 <0.907 Biphenyl [90] 
27 11.7 <2.486 Acenaphthylene 
28 12.3 0.339 Acenaphthene 
29 12.5 0.894 Dibenzofuran 
alkanes, phenol, benzenes, diphenyl, benzylphenol, dibenzylphenol, 
diphenyl 
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Table 11. May 9, 1996 Combustion Sample Results (continued) 
Sample & Integration 
Collection Retention Area Parameters Concentration 
Time Peak # Time (min) x 106 Width.Slope Vol CmL) NIST Picks fSIl 
1 1 7.7 0.902 5, 8000 2.7 Decane [93] 
2 7.9 0.221 2-ethyl-
1 -hexanol [95] 
3 9.8 1.578 Naphthalene [94] 
4 19.9 0.692 2,4-Bis(dimethylbenzyl) 
2:24pm - 9:20pm (5\9) 
phenol [73] 
1 2 7.7 1.164 2, 6500 2.7 Decane [91] 
3 7.9 0.661 2-ethyl-
1 -hexanol 
4 9.6 0.412 1,2,3,4-tetrahydro-
naphthalene [87] 
6 9.8 1.855 Naphthalene 
8 10.8 0.276 1- or 2-methyl-
naphthalene [81] 
alkanes, benzylphenol, dibenzylphenol 
2 2 7.7 1.089 2, 6500 1.72 Decane [96] 
4 9.6 1.133 1,2,3,4-tetrahydro-
naphthalene [95] 
alkanes, phenol, diphenyls, benzylphenols, dibenzylphenols, diphenyls 
9:20pm (5/9) - 4:20am (5/10) 
2 1 7.7 1.239 2, 6500 1.72 Decane 
4 9.6 1.670 1,2,3,4-tetrahydro-
naphthalene 
6 9.8 1.238 Naphthalene [76] 
alkanes, phenol, diphenyls, benzylphenols, dibenzylphenols, diphenyls 
3 5 7.7 2.767 2, 6500 1.38 Decane [94] 
13 9.6 <4.765 1,2,3,4-tetrahydro-
naphthalene [95] 
14 9.7 0.680 decahydro-2,6-dimethyl-
naphthalene [87] 
15 9.8 1.631 Naphthalene [87] 
26 13.5 6.408 2,2'-diethyl-l,l'-
biphenyl [83] 
53 
Table 11. May 9, 1996 Combustion Sample Results (continued) 
Sample & Integration 
Collection Retention Area Parameters Concentration 
Time Peak # Time (mini x 106 Width.Slope Vol (mL) NIST Picks [SI] 
3 33 14.3 6.538 Phenanthrene [71] 
50 16.8 10.25 Pyrene [75] 
alkanes, benzenes, diphenyls, benzylphenols, phenylethyne, dibenzylphenol 
4:20am - 9:57am (5/10) 
3 5 7.7 2.745 2, 6500 1.38 Decane 
13 9.6 <5.759 1,2,3,4-tetrahydro-
naphthalene 
14 9.8 1.694 Naphthalene 
27 13.5 8.141 2,2'diethyI-U'-
biphenyl 
33 14.3 6.523 Phenanthrene 
alkanes, benzenes, diphenyls, benzylphenols, phenylethyne, dibenzylphenol 
4 3 7.7 1.022 2, 6500 2.2 Decane [91] 
10 9.6 1.127 1,2,3,4-tetrahydro-
naphthalene [89] 
12 9.8 0.933 Naphthalene [94] 
25 14.3 3.364 Phenanthrene [87] 
Anthracene [87] 
alkanes, diphenyls, benzylphenols, phenylethyne, dibenzylphenol 
9:57am (5/10) - 7 :15am (5/11) 
4 1 7.7 0.837 2, 6500 2.2 Decane 
5 9.6 0.848 1,2,3,4-tetrahydro-
naphthalene [94] 
22 14.3 1.847 Anthracene [91] 
Phenanthrene [90] 
alkanes, diphenyls, benzylphenols, phenylethyne, dibenzylphenol 
5 3 7.7 1.795 2, 6500 1.21 Decane [93] 
10 9.9 1.615 Naphthalene [91] 
alkanes, benzenes, diphenyls, benzylphenols, phenylethyne, dibenzylphenol, 
tribenzylphenol 
7:15 - 11:15am (5/11) 
5 3 7.7 1.704 2, 6500 1.21 Decane [95] 
10 9.8 1.407 Naphthalene 
alkanes, benzenes, diphenyls, benzylphenols, phenylethyne, dibenzylphenol, 
tribenzylphenol 
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Table 12. Summary of Confirmed Organic Compounds by Combustion Date 
Sample Number 
Compound 1/25 2/13 2/27 3/21 4/4 4/25 5/9 
Naphthalene 1 
2 
1A 
2A 
4A 
1 
2 
3 
1 la 
3* 1 
blank* 
5* 
la 
1 
2* 
3 
4 * 
5 
Acenaphthylene 1 4A* 1 blar 
la 
Indene 1* 1 la* 
Biphenylene 
2-methyl-
naphthalene 
4A* 1* 
3* 
1* la 
1* 
Phenol 1* 
Pyrene 5 3* 
Decane 1* blank la 
1 
2 
3 
4 
5 
*Found in one of two analyses. 
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(sample la was cooled with ice and collected for almost 50 hours) it seems that longer 
sampling time and cooling with ice may collect more of the organic compounds studied. 
Five of the eight standard compounds that were studied were found in this sample, 
although pyrene was found in another sample and not in this sample. This hypothesis is 
difficult to confirm since changing combustion conditions are occurring throughout each 
combustion run which affects the release of organic compounds. It may just be that these 
compounds were not released or captured at other times or during other combustion runs. 
2. Chlorine - Studies with TG-MS 
In order to study the effect of coal rank on chlorine emissions, Jennifer Keene's39 
work was extended to include coals of various ranks. These coals were coal 501 
(bituminous), coal 701 (bituminous), coal 801 (lignite), coal 201 (subbituminous) and coal 
601 (bituminous). As was shown in Keene's studies39, Figure 6 is a TG-DTG curve 
typical of all the coals studied, and it shows the analysis of the combustion of a coal 
sample using a dynamic heating method. One can follow the transitions through the 
combustion process by noticing changes in both the TG curve showing weight loss and 
the DTG curve showing rate of weight loss. Points of interest on the DTG curve are the 
changes in weight loss rate at 300°C, 400°C, and 447°C. The region containing these 
points in order show: (1) a devolatilization zone, (2) an overlapping weight loss due to 
the initial combustion of the fixed carbon at the 400°C inflection point, and (3) a weight 
loss, due to combustion, with a maximum at 447°C (DTG peak maximum). 
The mass spectroscopic profiles given in Figure 7 show the evolution of S02 (64), 
H20 (18), C02 (44), HC1 (36), and either acetic acid (60) or COS (60) during dynamic 
heating. This is typical of the coals studied by Keene39 and in this study. The peak 
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maximum for rate of weight loss in the TG curve corresponds to the peak maxima of C02 
and S02 emissions at 447°C. The m/z = 60 peak follows the HC1 and water curves by 
10°C. FTIR on-line analysis shows the first peak in the m/z = 60 curve to be due to the 
evolution of acetic acid while the second peak is due to COS. The emission of HC1 and 
H20 begins at 200°C, peaks at 300°C, and subsides. Their second peaks appear at 
400°C with a maximum at 440°C before leveling off around 500°C, indicating two 
mechanisms of chlorine release involving water. Expansion of the HC1 curve shows a 
small third peak occurring at 700-800°C for this particular coal. 
In studies by Keene39, employment of the isothermal heating method revealed HC1 
and water emissions as the temperature approached 300°C. At 30 min and 300°C the 
temperature was held constant for one hour with no emissions occurring. Continuation 
of the temperature increase produced the second emission of HC1 and water, confirming 
two separate mechanisms and, thus, illustrating two different structures of chlorine 
bonding in the coal. 
Table 13 shows the TGA-MS data for the different coals studied. In each coal the 
first HC1 peak consistently peaks around 300°C (Tmaxl) and, so, is said to be due to 
thermal effects. The majority of the HC1 that is released is liberated at this temperature 
as indicated by the large area of the peak. Because most of the chlorine is lost at a lower 
temperature (300°C) than fixed carbon's maximum weight loss temperature 
(approximately 447°C), it can be said that it takes less energy (lower temperature) to 
produce the evolution of chlorine than it does to release carbon from the coal matrix. 
This will be important in the discussion of some of the AFBC results that follow. 
Due to the greater amount of energy needed to break the bonds (which is indicated 
by a higher HC1 release temperature (Tmax2)), the second peak represents a more tightly 
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Table 13. TGA-MS Data for Different Coals 
TGA MS 
Coal Rank CI (%) Tmax2 (°C) Tmaxl ( °Q Tmax2 (°C) 
33501 Bituminous 0.89 447 300 460 
33502 Bituminous 0.80 480 300 490 
33499 Bituminous 0.78 468 300 470 
33500 Bituminous 0.39 461 310 480 
33875 Bituminous 0.38 442 290 430 
33876 Bituminous 0.26 449 310 450 
501 Bituminous 0.20 488 330 510 
33873 Subbituminous 0.16 375 300 360 
701 Bituminous 0.13 462 310 470 
801 Lignite 0.04 382 320 360 
201 Subbituminous 0.03 377 315 390 
601 Bituminous 0.03 438 300 470 
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bound chlorine released during the oxidation of the coal. The temperature of the second 
HC1 peak of the mass spectra was found to have a direct relationship with each coal's 
DTG maxima as is illustrated in Figure 8. DTG analyses of the coals indicate higher 
ranking coals have higher maximum rates of combustion (see Figure 9). The higher 
temperature DTG peaks and higher ranking coals correspond to higher temperature 
maxima for the second HC1 emissions. Now it can be said that the second HC1 peak of 
the mass spectra is rank dependent due to its direct relationship with the DTG maxima 
(which is rank dependent). 
3. Chlorine - Studies with AFBC 
For the combustion runs of February 27, March 21, April 5, April 25 and May 9, 
1996, IC samples were collected, usually continuously, for approximately 1 hour each 
during most of the combustion run from the port 1 outlet. The samples were analyzed 
by the IC and the chloride and sulfate results were converted from concentration in the 
absorbent solution to concentration in the flue gas emissions with the previously explained 
calculations. Flue gas emissions for each combustion were plotted in Figures 10-14 
according to each sample taken. The sample number corresponds to the time the sample 
was taken. Sulfur dioxide emissions should vary with the limestone feed rate. The CaO 
formed in the furnace from limestone reacts with S02 to produce CaS04 which forms a 
compact sulfate layer on the surface of the sorbent particles which can then be collected 
as bottom ash. In the furnace, however, CaO also reacts with HC1 to produce CaCl2 
which will affect the flue gas emissions.30 A study by Munzner and Schilling found that 
in an AFBC unit, a greater recapture of chlorine occurred with larger excesses of 
limestone, where the Ca:S ratio was greater than 2.37 The flue gas emissions were usually 
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Figure 8. Tmax2 of DTG vs. T ^ of MS. 
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within the limits of detection of the IC instrument for chloride and sulfate (0.01 and 0.04 
ppm, respectively). Reasons for errors in these results are as follows: (1) sampling, (2) 
analysis and (3) combustion operating conditions. Measures were taken to minimize the 
chances of error. For example, flow meters were carefully calibrated, and the flow rate 
was kept constant throughout sample collection. Also, efforts were made to keep other 
combustion conditions constant while studying the effect of different temperatures on 
chlorine release into the flue gas. Before the May combustion run, to control the 
temperature it was necessary to try to adjust the amount of coal, limestone and primary 
air being fed into the combustor. Temperature control was complicated since the heat 
exchange tube was fixed in place. So, prior to the May 9th combustion run, it is difficult 
to make conclusions from the chlorine and sulfur dioxide data. From the May combustion 
onwards, new movable heat exchange tubes were installed making it easier to control the 
temperature. This also allowed for constant combustion conditions such as coal and 
limestone feed rate and, therefore, the calcium-to-sulfur ratio. 
An average chlorine concentration in the flue gas was calculated for a period of 
stable operating conditions during the combustion run of May 9-11, 1996. This stable 
period of operation was from 11:00 pm on May 9 to 9:30 am on May 10. The average 
bed temperature was 1669 ± 10°F, the average coal feed rate was 0.118 kg/min, the 
average limestone feed rate was 0.045 kg/min (Ca:S = 5.29), the average combustion 
efficiency was 92.36 ± 1.6% and the average chlorine concentration in the flue gas was 
1.35 ± 1.04 ppm for this period of stable operating conditions without discarding any 
points. The raw chlorine flue gas values can be seen in Table 14. A chlorine 
concentration of 1.35 ppm in the flue gas can be converted to 1950 xg/m3 of flue gas for 
this coal that is 0.0023% chlorine. In a study by Meij, it was found that a coal with 
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0.09% chlorine gave chlorine emissions of 91,500 /xg/m3 in the flue gas before flue gas 
desulfurization with in situ forced oxidation.30 In another study, it was found that coal 
containing 0.1% chlorine produces approximately 80 ppm HC1 in the flue gas.32 
Table 14. Chlorine Flue Gas Values 
Collection Time Chlorine Concentration in Flue Gas (ppm) 
11:05pm - 12:05am 0.90 
12:05am - 1:05am 0.78 
1:05am - 2:05am 0.81 
2:05am - 3:05am 0.69 
3:05am - 4:05am <0.36 
4:05am - 5:05am 0.55 
5:05am - 6:10am 1.44 
6:10am - 7:10am 1.03 
7:10am - 8:10am 2.85 
8:10am - 9:10am 3.02 
Also, for the May 9-11, 1996 combustion run, experiments were done to study the 
effect of temperature on the emission of chlorine. Figure 15 shows the averages of the 
chlorine sample emission values, unburned carbon values and combustion efficiency 
values at three different average temperatures taken on May 11 between 12 am and 7:50 
am; 8:10 am and 12:10 pm; and 1:50 pm and 4 pm. From the figure, it can be seen that 
as the temperature is increased, unburned carbon values decrease, and the combustion 
efficiency values increase and chlorine values stay relatively stable. An explanation for 
this may be that the chlorine may be totally released at temperatures below the lowest 
temperature we studied in AFBC combustion (about 1560°F) as was found in the TG-MS 
studies where most of the chlorine was released before 800°C (1472°F). Also, the 
temperature range may have been too narrow to make a noticeable difference in chlorine 
concentration. The study by Munzner and Schilling37 found that the emission percentage 
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for chlorine in the flue gas only increased from around 75% to 95% between 750°C 
(1382°F) and 900°C (1652°F), whereas this study took place between 1560°F and 
1680°F. 
For the combustion run beginning on July 1, 1996 experiments were done to study 
the effect of temperature on the emission of chlorine and sulfur. In contrast to the May 
9-11 experiments, a wider range of temperatures were studied and the combustion 
conditions were more stable. Also, samples were collected for two hours each instead of 
one. Figure 16 shows the trends for the reasonable data collected for this temperature 
study for chlorine, sulfur dioxide, unburned carbon and carbon dioxide. Emissions were 
studied at average temperatures of 1520, 1580 and 1750°F. The operating modes that 
were kept constant throughout the experiment were as follows: Ca:S = 3.0; coal setting 
points = 90; limestone setting points = 12; air setting points = 3.4; coal feed rate = 0.3 
lb/min; limestone feed rate = 0.08 lb/min; air flow rate ~ 3.4 lb/min; excess air level = 
1.25-1.3 lb/min. The C02 values include moisture. It can be seen that the higher the 
temperature, the higher the chlorine concentration in the flue gas. This is in agreement 
with studies by Liang and others38 and by Munzner and Schilling.37 Also, the higher the 
temperature, the higher the sulfur dioxide concentration in the flue gas. The optimum 
temperature for sulfur capture by limestone is 1580°F. At higher temperatures, and a 
constant calcium-to-sulfur ratio, it is expected that more sulfur will be released, and 
therefore less sulfur will be captured by the limestone. The percent unburned carbon 
decreases as temperature is increased because there is a higher combustion efficiency at 
higher temperatures. If there is less unburned carbon it is expected that there will be 
more C02 ~ the unburned carbon is reacted with oxygen to produce carbon dioxide. This 
feature is also shown in the graph. 
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IV. FURTHER STUDY 
1. To continue this study, on-line analysis of organic compounds from combustion 
in the AFBC is needed. 
2. High chlorine coal (0.3%) should be studied in the AFBC system to continue the 
chlorine studies. 
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V. CONCLUSIONS 
1. Analysis by GC-MS of the organic compounds captured in Tenax during coal 
combustion confirm the presence of naphthalene and other organic compounds 
which were also found from coal combustion in other studies. 
2. From TG-MS data, the first HC1 peak is rank independent; the second HC1 peak 
is rank dependent. These results indicate that there are two different forms of 
release of chlorine present in coal and/or coal combustion. 
3. Chloride and sulfate flue gas emission concentrations are within the limits of 
detection of the IC instrumentation and will vary with temperature and calcium-to-
sulfur ratios. The emission of chlorine in the flue gas from coal combustion 
increases with increasing bed temperature. 
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APPENDIX - MASS SPECTRA 
Naphthalene standard 
(Tenax method) 
Data : NAPHTH.D03 
Scan # : 595 B.G. Scan # : ( 600 - 653 ) 
Mass Peak # : 35 Ret . Time : 16.900 
Mass R . I n t Mass R . I n t 
128.05 100.00 87.05 1.51 
51.10 22.60 98 .00 1.43 
64.10 16.89 64.75 1.26 
63.10 13.60 99 .00 0 .98 
127.05 12.64 36 .10 0 .92 
129.10 10.69 103.00 0.85 
50.10 8 . 9 8 130.00 0 .83 
102.05 8 .86 100.00 Q.70 
126.05 6.95 89.05 0 .67 
77.05 5 .72 73 .00 0.61 
75.00 5 .56 85 .10 0.55 
74.00 5 .10 125.05 0.51 
76.05 4 . 5 8 53 .10 0 .50 
78.05 3 . 6 7 79.05 0.35 
62.05 3 .55 56.15 0 .26 
101.05 3 .11 55.25 0.12 
52.05 2 . 9 9 57 .20 0.01 
61.10 2 .01 
Naphthalene in sample 2, 1/25/96 combustion run 
(Tenax method) 
Data : TENAX2.D01 
Scan # : 619 B.G. Scan # : C 622 - 669 
Mass Peak # : 4 Ret. Time : 17.300 
Mass R . I n t Mass 
128.15 100.00 64 .10 
51.05 26.97 63 .20 
R . I n t 
22.22 
19.90 
80 
81 
Acenaphthylene standard 
(Tenax method) 
Data : ACENAPH.D04 
Scan j* : 1217 B.G. Scan # : ( 1222 - 1263 ) 
Mass Peak # : 64 Ret . Time : 27 .267 
Mass R . I n t Mass R . I n t 
152.10 100.00 78 .10 0.33 
76.05 25.82 124.05 0.33 
151.10 20.64 97.05 0 .30 
63.15 17.51 113.05 0 .26 
150.10 14.77 88.05 0.25 
153.10 13.02 109.05 0.24 
75.10 11.49 121.00 0 .20 
74.05 5 .79 55.05 0 . 1 7 
50 .10 5 .26 89.05 0.15 
62 .10 4 .71 84 .00 0.13 
51 .10 4 .65 146.05 0 .12 
126.05 3 .64 120.10 0.11 
76 .90 2 .73 53.15 0 .10 
98.05 2 .63 60 .10 0 .10 
61 .10 2 .30 103.10 0 .09 
99.05 1 .96 65 .10 0 .08 
87.05 1.94 112.05 0 .07 
149.10 1.70 67 .10 0.05 
86.05 1 .66 72 .10 0.05 
125.05 1.55 67 .80 0.05 
102.05 1 .12 68 .70 0.05 
100.05 0 .93 155.35 0.05 
52.10 0 .36 55.85 0.05 
154.10 0 . 8 2 134.10 0.04 
73.05 0 .79 137.30 0 .03 
101.05 0 .70 114.95 0 .03 
85.05 0 .70 135.35 0.03 
122.05 0 .64 144.20 0.03 
110.05 0 .56 161.30 0 .03 
111.05 0 .54 79 .40 0 .02 
127.10 0 . 3 7 57.05 0 .02 
123.05 0 . 3 7 158.95 0 .02 
Acenaphthylene in sample 1, 1/25/96 combustion run 
(Tenax method) 
Data : TENAX1.D02 
Scan # : 1238 B.G. Scan # : ( 1243 - 1327 ) 
Mass Peak # : 3 Ret . Time : 27 .617 
Mass R . I n t Mass R . I n t 
152.10 100.00 62.95 29.81 
76.10 31.07 
Indene standard 
(Tenax method) 
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Data : INDENE.D04 
Scan # : 306 B.G. Scan * : ( 313 - 454 ) 
Mass Peak # : 29 Ret . Time : 12.083 
Mass 
115.05 
116.05 
57.65 
63 .10 
89.05 
117.10 
62.10 
50.10 
51 .10 
65 .10 
73.90 
87.05 
114.10 
61.10 
88.05 
R . I n t 
100.00 
91.64 
49.09 
19.59 
13.93 
9.25 
9 .10 
8 . 4 6 
8.12 
5.90 
4 .25 
3 . 2 2 
3 .11 
3 . 0 2 
2 . 6 7 
Mass 
64.10 
54.95 
75.05 
85 .90 
90.05 
85.00 
56.15 
58.75 
52.00 
76.05 
77.15 
110.95 
66.10 
159.00 
R . I n t 
2.62 
2.60 
2 . 3 7 
1.69 
1.69 
1.39 
1.21 
1.15 
1.04 
1.03 
0.82 
0 .58 
0 .50 
0 . 3 7 
Indene in sample 1, 1/25/96 combustion run 
(Tenax method) 
Data : TENAX1.D01 
Scan # : 324 B.G. Scan 
Mass Peak # : 5 Ret. Time : 
Mass R . I n t 
115.10 100.00 
116.05 81.32 
116.80 38 .77 
# : ( 327 - 364 ) 
12.383 
Mass R . I n t 
63.05 32.45 
57.85 31 .64 
83 
2-Methylnaphthalene standard 
(fast scan method) 
Data : NAPHTH.D02 
Scan if : 172 B.G. Scan # : ( 175 - 196 ) 
Mass Peak # : 6 Ret . Time : 9 .850 
Mass R . I n t Mass R . I n t 
128.00 100.00 129.00 23 .76 
127.00 31 .12 64 .40 20 .44 
51 25 27.75 40 .50 10-46 
Naphthalene in sample 5, 4/25/96 combustion run 
(fast scan method) 
Data : 2445.D02 
Scan # : 170 B.G. Scan # : ( 1 7 2 - 2 2 1 ) 
Mass Peak # : 44 Ret . Time : 9 . 8 1 7 
Mass R . I n t Mass R . I n t 
128.05 100.00 65 .00 1 .34 
51 .10 21.94 86 .00 1 .21 
64 .05 15.43 121.05 1 .16 
127.05 13.74 49 .10 1 .10 
63 .05 12.20 60.95 1 .07 
129.05 10.54 286.05 1 .07 
102.05 8 .74 159.00 0 .95 
126.05 7 .73 149.20 0 .84 
50 .10 7 . 6 7 112.10 0 . 5 9 
77 .05 6 . 0 7 42 .10 0 .55 
75 .05 5 .67 93 .10 0 . 3 6 
74 .05 5 .59 40 .05 0 .34 
76 .05 4 .68 72.15 0 .30 
78 .05 4 . 1 7 53 .00 0 .21 
52.05 2 .86 78.95 0 .20 
100.90 2 .52 56 .10 0 . 2 0 
87 .05 1.81 95 .05 0 . 1 9 
103.05 1.48 99 .05 0 . 0 6 
130.10 1 .47 133.10 0 .05 
98.05 1.46 60 .10 0 .01 
121.95 1 .46 59 .20 0 .01 
89 .10 1 .37 131.40 0 .01 
84 
Acenaphthylene standard 
(fast scan method) 
Data : ACENAPH1.D01 
Scan # : 302 B.G. Scan # : ( 305 - 335 ) 
Mass Peak # : 77 Ret . Time : 12.017 
Mass R . I n t Mass R . I n t 
152.10 * 100.00 55.00 0 .17 
76.05 33.71 89.05 0 .17 
151.10 25.44 84.05 0.15 
63.10 20 .77 146.05 0.15 
150.10 18.10 120.05 0 .13 
75.10 16.09 53.10 0 .12 
153.10 14.67 103.10 0 .10 
74.05 7 .17 40.10 0 .09 
50.00 6 . 0 7 66.90 0 .09 
62.05 5 .10 72.10 0 .08 
51.05 4 .74 68.00 0 .08 
126.05 4 .58 112.05 0 .08 
76.90 3 . 4 9 65.05 0 . 0 7 
98.00 2 .94 108.00 0 .04 
61.05 2 .50 135.05 0.04 
87.05 2 .36 114.00 0.04 
99.05 2 .34 144.05 0.04 
149.05 2 .19 134.00 0 .03 
125.05 2 .09 145.00 0 .03 
86.05 2 .00 137.05 0 .03 
102.05 1.36 147.10 0.03 
100.05 1.33 48.10 0 .03 
73.05 0.91 56.00 0 .03 
52.10 0.91 79.10 0 .03 
101.05 0 .84 43.10 0 .02 
122.00 0 .82 68.95 0 .02 
85.05 0.80 128.00 0 .02 
110.05 0.65 115.05 0.01 
111.00 0.64 90.05 0 .01 
124.05 0 .53 41.10 0.01 
123.05 0 .49 94.10 0.01 
78.10 0 .46 104.00 0.01 
127.05 0 .46 156.15 0.01 
97.00 0 .32 46.05 0.01 
88.05 0 .27 95.15 0.00 
109.00 0.24 81.15 0.00 
113.05 0.24 105.15 0 .00 
154.15 0 .22 83 .10 0 .00 
121.00 0.21 
Acenaphthylene in sample 4a, 2/13/96 combustion 
(fast scan method) 
Data : TENAX4.D02 
Scan # : 313 B.G. Scan # : ( 315 - 327 ) 
Mass Peak # : 24 Ret. Time : 12.200 
Mass R . I n t Mass R . I n t 
152.10 100.00 77.00 5 .92 
62.90 27.24 155.30 5.51 
76.10 25.10 115.30 5 .46 
151.10 19.49 87 .20 4 .41 
150.15 15.99 52.05 3 .61 
75.05 15.72 43 .10 3 .23 
153.15 13.02 71.05 2.62 
74.00 10.29 56 .20 2 .12 
141.10 10.15 40 .10 0.91 
156.20 8 .97 73.15 0.71 
50.05 8 .61 41 .10 0.65 
51.05 7.00 55.10 0.41 
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2-Methylnaphthalene standard 
(fast scan method) 
Data : INDENE.D02 
Scan it : 83 B.G. Scan # : ( 85 - 106 ) 
Mass Peak # : 34 Ret . Time : 8 .367 
Mass R . I n t Mass R . I n t 
115.15 100.00 86.05 2 .62 
116.20 91.55 113.20 2 .53 
57.45 25.81 85.05 1.84 
63.10 20.42 52.10 1.49 
89.20 13.50 44.05 1.46 
58.15 12.93 43.10 1.43 
117.20 10.46 90.20 1.40 
50.10 9 . 5 7 55.10 1.32 
62.10 9 .22 49.10 1 .07 
51.10 9 .14 41.10 1.02 
65.15 6 .72 73.15 0 .91 
87.15 3 . 5 6 77.15 0 .83 
64.10 3 . 2 9 45.05 0 .81 
61.05 3 . 2 6 76.15 0 .79 
74.15 3 . 1 7 56.10 0 . 7 7 
75.15 3 .11 59.10 0 .69 
88.15 3 .00 66.35 0 .63 
Indene in sample 1, 2/27/96 combustion run 
(fast scan method) 
Data : FEB27#1.D01 
Scan # : 92 B.G. Scan # : ( 9 5 - 1 2 7 ) 
Mass Peak # : 15 Ret . Time : 8 .517 
Mass R . I n t Mass R . I n t 
115.10 100.00 51.05 9.44 
116.15 96.34 62.05 8 .79 
58.05 20.52 65.05 7 .59 
63.05 20.16 114.05 6 .39 
57.25 19.57 88.10 4 . 1 7 
89.05 16.95 86.45 4.11 
50.10 11.17 44.05 3 .11 
117.15 10.91 
2-Methylnaphthalene standard 
(fast scan method) 
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Data : BIPHEN.D01 
Scan it : 308 B.G. Scan # : ( 313 - 337 ) 
Mass Peak # : 28 Ret. Time : 12.117 
Mass R . I n t 
152.20 100.00 
151.15 28.65 
76.10 24.26 
63.10 21.27 
153.15 12.77 
150.20 11.52 
75.15 10.96 
50.05 10.75 
74.15 9 .52 
51.05 8 .88 
126.15 7 .39 
62.05 7 .22 
87.15 4 .29 
98 .50 4 .19 
Mass R . I n t 
61 .10 4 .03 
86 .20 3 . 5 7 
76.95 3 .28 
52.10 3 .11 
100.45 2 .88 
125.35 2 .59 
102.15 2 .56 
64 .40 1.51 
69.45 1.18 
43 .10 1.13 
55.10 0 .89 
41 .10 0.71 
44.05 0 .31 
56 .10 0 .11 
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2-Methylnaphthalene standard 
(fast scan method) 
Data : 2MENA.D01 
Scan # : 230 B.G. Scan # : ( 232 - 252 ) 
Mass Peak # : 41 Ret. Time : 10.817 
Mass R . I n t Mass R . I n t 
142.15 100.00 69.05 2.71 
141.10 96.34 77.15 2 .67 
115.10 42.02 61.15 2.62 
70.85 23.11 88.15 2.60 
57.50 15.09 52 .10 2.23 
63.10 14.68 91.45 2 .22 
139.10 11.02 72.00 2 .06 
143.15 10.23 126.15 2.03 
89.15 8 .81 64 .10 1 .97 
69.75 8.15 102.45 1.69 
50.10 7 .87 58 .20 1.59 
51.10 7.75 98.05 1.55 
62.10 6 .29 40 .10 1.49 
75.10 5.65 85.05 1.38 
74.05 5.41 54 .90 1.27 
65.10 4 .30 53.10 1.24 
87.10 4 . 1 9 41.15 0.94 
116.15 4 .15 56.15 0 .67 
76.15 3 . 9 7 45 .10 0.63 
86.10 3 .01 43.05 0 .49 
113.20 2 .76 
2-Methylnaphthalene in sample 4a, 2/13/96 combustion run 
(fast scan method) 
Data : TENAX4.D02 
Scan # : 238 
Mass Peak # : 38 Ret. Time : 10.950 
Mass R . I n t Mass R . I n t 
142.10 100.00 41.15 5 .59 
141.10 83.15 55 .00 5 .22 
115.10 35.49 116.10 5 .09 
70.90 20.16 75.25 4 .93 
57.50 20.14 147.30 4.54 
63.05 16.00 87 .10 3 .91 
143.10 15.53 90.85 3 .86 
70.00 12.66 145.40 3.45 
51.05 10.91 113.15 3 .40 
139.15 10.78 77.05 3 .36 
69.25 10.06 109.65 3 .31 
62.00 9 .96 64 .10 3 .07 
40.15 9 .13 42 .00 2.91 
50.05 8.74 61 .00 2.85 
89.05 7 .69 52.15 2.79 
43.05 7.40 58 .50 2 .67 
44.10 7.05 86.05 2.55 
65.10 6 .38 53 .50 2.43 
74.05 5 .67 72 .00 2.42 
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2-Methylnaphtalene standard 
(fast scan method) 
Data : PHENOL.D01 
Scan # : 23 B.G. Scan # : ( 2 6 - 4 5 ) 
Mass Peak # : 36 Ret. Time : 7 .367 
Mass R . I n t Mass R . I n t 
94.00 100.00 42.05 1.89 
66.05 44.58 68.00 1.82 
65.05 31.91 46 .00 1.76 
40.10 16.79 79.00 1.73 
55.05 11.13 77.10 1.70 
63.00 8 .56 43.05 1.66 
50.00 7 .98 76.00 1.61 
51.00 7.75 75 .10 1.49 
47.00 7.41 41.05 1.42 
95.05 6 .49 54 .00 1.19 
53.00 4 .82 60 .10 1.04 
62.00 4 .44 48.05 1.02 
61.00 3 .28 70 .00 0 .80 
67.05 2 .59 44 .00 0 .78 
49.00 2.55 71.15 0 .77 
64.00 2.55 73.05 0.64 
74.05 2 .16 56.05 0.20 
52.00 1.90 45 .00 0 .19 
Phenol in sample 1, .3/21/96 combustion run 
(fast scan method) 
Data : MAR21#1.D01 
Scan # : 28 B.G. Scan # : ( 3 0 - 8 1 ) 
Mass Peak # : 31 Ret. Time : 7.450 
Mass R . I n t Mass R . I n t 
94.05 100.00 53 .00 5 .73 
66.05 73.01 85 .30 5 .28 
65.05 51.30 42 .10 5.25 
40.15 32.05 106.25 5 .20 
57.10 25.12 74.15 4.94 
43.10 23.81 52 .10 4 .87 
51.05 16.19 63.95 4.74 
50.10 16.05 98 .00 4 .72 
63.05 14.89 70 .10 4 .71 
55.05 14.77 72 .80 4 .56 
56.10 10.70 91 .10 4 .46 
47.05 10.35 71.15 3 .96 
41.05 7.81 84.05 3 .83 
61.15 7 .77 44 .10 3 .46 
95.10 6 .91 67.15 3 .40 
77.10 5 .80 
Pyrene standard 
(fast scan method) 
Data : PYRENE.D02 
Scan it : 590 B.G. Scan # : ( 594 - 634 ) 
Mass Peak # : 104 Ret. Time : 16.817 
Mass R . I n t Mass R . I n t 
202.15 100.00 136.95 0 .10 
101.00 41.22 64.05 0 .10 
99.80 37.92 205.15 0 .10 
200.15 23.92 121.00 0 .10 
201.15 21.36 113.00 0 .10 
203.15 19.92 96.95 0 .09 
88.05 15.94 147.00 0 .09 
87.05 8 .68 186.10 0 .08 
199.15 4 .80 172.10 0 .08 
75.05 4 .33 112.00 0 . 0 7 
73.85 4.05 153.00 0 .06 
198.10 3 .36 139.00 0 .06 
174.10 2 . 8 7 119.95 0.05 
67.15 2 .53 170.05 0.05 
150.05 2 .12 164.05 0.05 
175.10 1.86 127.05 0.05 
204.15 1.70 185.10 0.05 
63.05 1 .37 79.85 0.05 
62.00 1 .37 158.00 0.05 
98.00 1.35 79.05 0 .04 
86.05 1.31 132.00 0 .04 
151.05 1.03 65.05 0 .04 
176.10 1.00 81 .10 0 .03 
51.05 0.94 136.00 0 .03 
50.00 0 .93 171.05 0 .03 
149.00 0.85 196.10 0 .03 
75.95 0.83 145.00 0 .03 
122.00 0 .68 138.00 0 .03 
61.10 0.54 78.05 0 .03 
110.00 0 .53 159.00 0 .02 
123.00 0 .52 168.05 0 .02 
173.10 0 .48 169.15 0 .02 
111.00 0 .46 40.05 0 .02 
197.10 0 .46 128.05 0 .02 
152.00 0.45 144.00 0 .02 
85.05 0 .41 165.05 0 .02 
126.00 0.31 108.00 0 .02 
124.00 0 .27 53.05 0 .02 
163.05 0 .26 157.05 0 .02 
77.05 0 .23 83 .90 0.01 
134.00 0 .22 153.90 0.01 
146.00 0 .20 55 .10 0 .01 
125.00 0 .19 133.00 0 .01 
135.00 0 .19 56.00 0.01 
148.00 0 .16 178.15 0.01 
162.05 0 .16 193.80 0.01 
109.00 0 .16 57.95 0 .00 
187.10 0.15 91.05 0 .00 
93.40 0.14 115.00 0 .00 
161.00 0.13 81.95 0 .00 
52.05 0 .12 54.05 0 .00 
177.10 0.11 131.00 0 .00 
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Pyrene in sample 5, 4/25/96 combustion run 
Data : 2445.D01 
Scan # : 592 B.G. Scan # : ( 595 - 626 ) 
Mass Peak # : 127 Ret. Time : 16.850 
Mass R . I n t Mass R . I n t 
202.15 100.00 148.10 0 .44 
101.00 34.82 147.05 0 .44 
100.05 26.76 152.20 0 .44 
200.15 22.56 77.05 0.43 
203.15 19.14 137.15 0 .43 
201.15 18.70 65.10 0 .41 
88.00 12.78 109.05 0 .41 
87.05 8 .39 195.10 0.41 
99.15 6 .06 173.15 0 .41 
199.15 4.91 192.05 0 .39 
174.10 3 .77 120.95 0 . 3 7 
74.05 3 .60 169.10 0.35 
75.05 3 .56 93.05 0 .34 
198.10 2 .97 120.05 0.34 
150.05 2 .49 94.05 0 .33 
101.95 2 .36 135.10 0 .33 
44.05 2 .17 139.30 0 .32 
204.20 2.05 60.05 0 .32 
67.10 1.98 90.05 0 .31 
175.05 1.86 80.10 0 .30 
98.05 1.85 82.05 0 .30 
88.90 1.71 107.05 0 .30 
86.10 1 .57 178.10 0 .29 
281.10 1.45 115.05 0 .28 
63.05 1.44 49.05 0 .28 
51.10 1.43 249.10 0 .28 
110.05 1.35 221.20 0.25 
73.05 1.28 126.05 0 .24 
134.00 1.27 189.20 0.24 
62.05 1.26 162.10 0 .23 
50.10 1.20 123.05 0 .22 
146.10 1.20 64.05 0 .22 
176.10 1.17 283.10 0 .21 
150.95 1.12 112.10 0 .20 
96.05 1.12 286.10 0 .20 
186.25 1.00 157.30 0 .20 
149.05 0.95 138.10 0 .19 
122.10 0.94 46.05 0 .19 
76.05 0.93 124.15 0 .16 
61.05 0.90 341.25 0.15 
327.25 0 .87 78.10 0.15 
184.20 0 .78 141.10 0.14 
130.05 0.74 166.15 0 .14 
141.95 0.73 84.05 0 .13 
111.10 0 .68 45.05 0 .13 
132.10 0.65 116.05 0 .13 
108.05 0.63 106.15 0 .12 
163.05 0.63 143.25 0 .12 
161.00 0.61 131.05 0 .11 
40 .10 0 .60 59.05 0.11 
164.00 0 .58 91.05 0 .10 
66.10 0 .58 193.05 0 .10 
114.05 0.55 159.00 0 .09 
268.25 0.52 251.25 0 .08 
209.10 0 .49 105.05 0 .08 
133.05 0 .49 127.05 0 .04 
267.05 0 .49 47.05 0 .03 
144.15 0 .49 48.05 0 .03 
128.10 0 .47 165.10 0 .03 
119.00 0 .46 79 .10 0 .02 
171.40 0 .46 355.25 0 .01 
159.95 0.45 210.15 0 .00 
145.10 0.45 92.05 0 .00 
52.10 0.45 
P y r e n e standard 
(fast scan method) 
Data : DECANE.D01 
Scan # : 43 
Mass Peak # : 65 Ret. Time : 7.700 
Mass R . In t Mass R . I n t 
43.05 * 100.00 77.05 0.24 
57.10 * 93.36 59.10 0 .23 
41 .00 * 91.88 45 .10 0 .22 
71.15 62.50 79.10 0 .18 
42.10 43.50 66.10 0.15 
56.15 42.99 73.15 0 .13 
85.15 42.33 87.15 0 .12 
55.10 30.01 63.05 0 .11 
70.15 24.37 81.10 0 .10 
84.15 17.43 78.15 0 . 0 7 
44 .10 10.68 46.10 0 . 0 7 
69.15 9 .78 127.15 0.05 
58.10 9 .78 91.15 0 .04 
99.15 9.51 62.05 0 .04 
98.10 8.94 144.15 0 .04 
142.15 6.11 47.05 0.04 
113.15 5.30 101.10 0 .03 
72.15 4.01 80.10 0 .03 
53.10 3 .92 126.10 0 .03 
86.15 3 .10 48.95 0 .03 
112.10 3.01 63.95 0 .03 
54.10 2.91 140.15 0 .03 
83.15 2.70 115.20 0 .03 
67.10 1.00 74.90 0 .02 
51.10 0.96 47 .90 0 .02 
68.15 0 .96 60 .10 0 .02 
100.15 0 .76 94.75 0 .02 
143.20 0.71 61.15 0 .02 
82.15 0.70 74.00 0 .02 
52.15 0.51 110.15 0 .01 
114.20 0 .47 93.50 0.01 
65.05 0.44 89.15 0 .01 
50.10 0.34 
Decane in sample la, 5/9/96 combustion run 
(fast scan method) 
Data : MAY9TIA.D01 
Scan if : 44 B.G. Scan # : ( 4 6 - 9 1 ) 
Mass Peak # : 62 Ret. Time : 7 .717 
Mass R . I n t Mass R . I n t 
43 .10 100.00 72.95 0 . 5 7 
57.10 77.22 52.10 0 .52 
41.10 43.01 106.00 0 .50 
71.10 19.93 68.10 0 .48 
56.10 15.11 133.10 0.45 
42 .10 14.10 65.05 0 .43 
55.10 12.09 286.05 0 .43 
85.10 10.60 79.05 0 .42 
70.10 8 .16 117.05 0 .40 
105.05 4.84 78.00 0 .39 
58.15 3 .88 77.10 0 .39 
84.10 3 .88 80.15 0 .37 
44.05 3 .56 64 .10 0.35 
69 .10 2 .86 91.10 0 .33 
98 .10 2.24 61.00 0.31 
40.10 2.14 87.35 0.31 
120.05 2.13 66.00 0 .30 
99 .10 2.03 110.95 0 .27 
53.05 1.89 50.10 0 .22 
142.20 1.63 118.25 0 .13 
54.10 1 .17 63.10 0 .13 
72.00 1.10 74.00 0 .12 
113.10 1.09 95.10 0 .12 
86.30 0 .87 207.15 0.11 
112.10 0.85 62.05 0 .10 
51.05 0.81 82.00 0 .10 
83.10 0 .77 45.05 0 .09 
97.05 0.71 59.15 0 .07 
67.10 0 .68 159.00 0 . 0 7 
128.00 0 .67 75.00 0 .06 
103.00 0 .66 131.05 0 .01 
